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Editorial 


THE contributions of radioactive isotopes, used both as tracers and as 
sources of radiation, are already acknowledged in the pure and applied 
sciences. In medical diagnosis and therapy, in agricultural develop- 
ment, and particularly in industrial research and process control, 
tremendous strides have been made in the last decade through the use 
of radioactive methods. 

Large fluxes of radiation, from radioactive sources and from particle 
accelerators, are now being used for such purposes as sterilization, the 
production and study of genetic mutations, and the initiation of chemical 
reactions. 

The versatility of radioactive and radiation techniques has led to their 
use in a variety of specialist fields. Isotope methods, potentially of wide 
application, have tended to be published in a large number of scattered 
specialist journals where the results, rather than the method employed, 
have been emphasized. 

It was evident at the recent International Conference on the Peaceful 
Uses of Atomic Energy that, in this as in other fields, much work had been 
duplicated in different parts of the world, through difficulties in keeping 
in touch with current developments. 

This journal is intended to provide a forum for the publication and 
discussion of these techniques, for the reporting of news of general 


interest in the field, and for the promotion of international co-operation. 


Thus it is hoped that the journal will stimulate progress in the science 


and technology of applied radioactivity and radiations, whose contri- 
butions to the welfare of mankind may well prove as far-reaching as those 


of nuclear power itself. 
J. D. Cockcrorr 


| 
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International Journal of Applied Radiation and Isotopes, 1956, Vol. 1, pp. 3-23. Pergamon Press Ltd., London 


The Preparation and Maintenance 
of Standards of Radioactivity 


W. B. MANN 
National Bureau of Standards, Washington 25, D.C. 


A historical survey is made of the preparation and measurement of international 
radium standards. The need for standards of other radioisotopes is explained. Standardi- 
zation is subdivided into primary and secondary methods; 47f counting, p-y and y-y 
coincidence counting, gas counting, and microcalorimetry are discussed as primary methods, 
and the maintenance of standards thus obtained is considered. The present state of international 
comparison of several radioisotopes is reported and discussed together with a policy for wider 
international standardization. 


Préparation et conservation d’étalons radioactifs 


La préparation et la mesure des étalons de radium internationaux font l’objet d’un 
rappel historique. On explique le besoin d’avoir d’autres radioisotopes comme étalons. 
L’étalonnage se subdivise en deux méthodes, primaires et secondaires; en tant que méthodes 
primaires on discute du comptage des particules §, du repérage des coincidences f-y et y-y, 
de la mesure de gaz et de mesures microcalorimétriques; on examine la maniére de con- 
server les étalons ainsi obtenus. On donne un apercu de |’état actuel des données inter- 
nationales pour différents radioisotopes et on discute en méme temps de la nécessité d’une 
politique d’étalonnage internationale plus ample. 


xXpaHeHie CTaH]apTHBIX ICTOYHMKOB. 


TlepBUYHLIMM MeTOaMM cueT 4x8, B-y M CoBMajleHuii, u3mMepeHuA 
AKTHBHOCTH B raso0Boit (base MUKPOKATOpUMeTPHA, BTOPHYHLIMM — 
M XpaHeHMA TAaKHM OOpa3z0M PaccMaTpuBaloTcA COBPeMCHHHIe MeTO 
cCTaHapTos. 


Herstellung und Erhaltung von radioaktiven Standards 


Ein historischer Uberblick iiber die Herstellung und Messung der internationalen Radium- 
standards wird gegeben und der Bedarf an Standards fiir andere Radioisotope wird bes- 
prochen. Bei der Standardisierung unterscheidet man primare und sekundare Methoden: 
Von den primaren Messmethoden werden 47f-Messung, /-y- und y-y Koinzidenzmessung, 
Bestimmungen mit dem Gaszahlrohr und mikrokalorimetrische Methoden besprochen und 
die Erhaltung der so gewonnen Standards wird diskutiert. Es wird berichtet iiber den 
gegenwartigen Stand der internationalen Vergleichsmessungen an mehreren Radioisotopen 
und es wird der Wunsch geaussert die internationale Standardisierung weiter auszubauen. 
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INTRODUCTION 


The oldest standards of radioactivity are 
those of radium. Just sixty years ago, in 
February 1896, the radioactivity of uranium 
was discovered by Henri BECQUEREL, and 
before the turn of the century, MaArIE 
CurIE, investigating the high activity arising 
from Bohemian pitchblende, had isolated 
polonium and radium. 

With the great outburst of research 
activity that these startling new discoveries 
generated, it soon became essential to 
establish international radium standards 
in order that the results obtained in different 
countries might be related one to another. 
Accordingly, in 1910, the Congress of 
Radiology and Electricity, held in Brussels, 
appointed a committee to arrange for the 
preparation of an international primary 
standard of radium and of international 
secondary standards. 

In August 1911, Mme. Curie prepared, 
in Paris, a standard of radium sealed in a 
thin-walled glass tube and comprised of 
21:99 mg of the pure anhydrous radium 
chloride that she had used to determine 
the atomic weight of radium to be 226-0. 
At the same time, Professor Orro H6nic- 
SCHMID, at the Academy of Sciences in 
Vienna, prepared three standards of radium 
containing 10-11, 31-17, and 40-43 mg of 
radium chloride from material that he had 
used to obtain a value of 225-97 for the 
atomic weight of radium. In March 1912 
the committee that had been appointed by 
the Congress of Radiology and Electricity 
in 1910, met in Paris to compare the radium 
standard of Mme Curie with those of 
Professor HONIGSCHMID. 

As a result of these comparisons, the 
Paris standard was accepted as the inter- 
national primary standard of radium, while 
that consisting of 31-17 mg of radium 
chloride was designated as the international 
secondary standard. These two standards, 
which are now generally referred to as the 
191] Paris and Vienna standards, were 
placed respectively in the custody of the 
Bureau International des Poids et Mesures 
at Sévres and of the Institut fiir Radium- 


forschung in Vienna. All subsequently 
prepared national radium standards were, 
for the next two decades, compared by 
measuring the relative gamma-ray activities 
with the 1911 Paris and Vienna standards. 

By 1934, however, some concern was 
beginning to be felt for the safety of the old 
international primary and secondary stand- 
ards, on account of the possibility of their 
breakage due to the devitrification under 
radiation of the glass tubes in which they 
were sealed and the accumulation of helium 
and chlorine within them. Accordingly, 
the International Radium Standards Com- 
mission invited H6nicscHmip to prepare 
a new set of standards, using the radium 
salt with which he was making, at that 
time, in Munich, a precise determination 
of the atomic weight of radium. This salt, 
the chloride of radium, had been purified 
by H6nicscHmip to such a point that 
spectroscopic analysis by GERLACH showed 
a maximum of not more than 0-002 to 0-003 
atomic per cent of barium. The purity 
of the radium chloride is, so to speak, 
defined by the value then obtained by 
HO6nicscumip for the atomic weight of 
radium, namely 226-05, which is the value 
that is still current. 

On the afternoon of 2 June 1934, H6nic- 
SCHMID prepared twenty new standards 
of radium by sealing into thin-walled 
glass tubes quantities varying from 12-53 mg 
to 137-34mg of this highly purified an- 
hydrous chloride of radium that had been 
separated from the RaD on 25 May 1934.» 
One of these, containing as of that date, 
22:23 mg of radium chloride, was selected 
as the new international primary standard 
of radium for custody in Paris, and _ its 
value was carefully compared with that 
of the 1911 Paris standard by gamma-ray 
measurements over a period of four years.) 
The remaining H6nicscumip standards were 
designated for use as international second- 
ary or national standards of radium. 

With the advent of controlled nuclear 
fission and the consequent large-scale pro- 
duction and use of artificially prepared 
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radioactive materials, the need for radio- 
activity standards of elements other than 
radium quickly arose. In the first place, 
approximate standards were often prepared 
in the establishments in different countries 
that were producing such _ radioactive 
materials in order to provide them with a 
“yardstick” for the supply of radioactive 
materials in bulk. However, with the 
increasingly important applications of radio- 
active materials to research and therapy, 
accurate standards of radioactivity became 
as essential as, some forty years earlier, 
they had with radium. Once more the 
standards were required not only for com- 
parison of results between laboratories in 
one country, but also for international com- 
parisons. 

Accordingly, in 1951, representatives of 
the three countries that were at that time 
chiefly interested in the creation of inter- 
national standards of radioactivity, Canada, 
the United Kingdom, and the United 
States of America, met at the Atomic 
Energy Research Establishment at Harwell, 
England, to discuss the preparation and 
maintenance of radioactivity standards of 
the artificially prepared radioactive isotopes 
of elements. As a result, it was agreed 
to exchange for intercomparison purposes 
suitable samples of the following radioactive 
nuclides, namely, carbon-14, sodium-24, 
phosphorus-32, cobalt-60, bromine-82, stron- 
tium-90-yttrium-90, iodine-131, thallium- 
204, and gold-198. Responsibility for the 
establishment of such standards in the 
three countries was vested in the National 
Bureau of Standards at Washington, D.C., 
the National Physical Laboratory at Ted- 
dington, and the National Research Council 
at Chalk River. The National Research 
Council’s responsibilities were subsequently 
assumed, however, by Atomic Energy of 
Canada Limited with regard to the 
artificially prepared radioactive nuclides, 
while the Canadian National Radium Stan- 
dard continued in the custody of the 
National Research Council at Ottawa. 

Within the United Kingdom and the 
United States two advisory committees 
were set up to provide a forum for discussion 
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amongst those interested in the field of 
radioactivity standards. ‘These are the 
British National Physical Laboratory’s Ad- 
visory Committee on Radioactive Standards 
and the U.S. National Research Council’s 
Nuclear Science Committee’s Subcommittee 
on Beta- and Gamma-ray Measurements 
and Standards. The latter includes Cana- 
dian representation, and its meetings in 
Washington, D.C., in 1954, and at Chalk 
River, Ontario, in 1955, were also attended 
by British representatives. 

It had, however, always been the aim 
that the co-operation that had been created 
between the United States, Canadian, and 
British laboratories should be extended as 
quickly as possible to all interested countries. 
Accordingly, in 1953, at its meeting in 
Copenhagen, the International Commission 
on Radiological Units created a_ sub- 
committee on standards of radioactivity, to be 
composed in the first instance by representa- 
tives of the Federal Republic of Germany, 
France, the Netherlands, Sweden, the United 
Kingdom, and the United States. This 
subcommittee met in Frankfurt-am-Main 
in August 1955 to discuss the preparation, 
preservation, and propagation of inter- 
national standards of radioactivity, and the 
hope was expressed at that meeting that 
these activities, that were so intimately 
related to the progress, prosperity, and 
health of all mankind, might soon be 
extended to all those countries that were 
interested throughout the world. 

In this review an attempt will be made to 
present the current position in international 
radiaoctivity standardization. Although the 
account may be limited to some extent by 
both personal experience and environment, 
it is supplemented as far as possible by 
currently available literature on the subject. 
For this reason, an extensive bibliography, 
that includes the titles of all papers or articles 
referred to, has been appended. 

For convenience, the consideration of 
methods of measurement will be broken 
down into sections dealing with primary 
and secondary methods of standardization. 
The dividing line between a primary method 
and a secondary method is, however, 
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often extremely thin and difficult to place. 
It might be argued, for example, that the 
calorimetric method for determining dis- 
integration rates is “secondary” because it 
requires a knowledge of the average energy 
per disintegration; it will be found, however, 
that in the case of those radioactive elements 
for which the details of the disintegration 
scheme are known, calorimetry has been 
‘placed in the “primary” group, whereas 
in the case of radium in equilibrium with 
its products, where the disintegration data 
are complicated, if not nebulous, it has 
been considered to be a “‘secondary”’ method. 
On reflection, it might be said that in 
general a primary method is one by which 
the initial standardization is made or one in 
which a fundamental quantity such as 
disintegrations per second, or rate of energy 
emission, per gram is measured. A secondary 
method, on the other hand, is one in which 
a calibration is related to an_ earlier 


primary calibration or in which a funda- 


Mann 


mental quantity is measured in terms of a 
similar property that has already been 
measured for another radioactive nuclide 
such as radium in equilibrium with its 
products. But lest the adherents to any 
particular method should feel that less than 
justice might have been done to it, let it be 
immediately placed on record that no kind 
of stigma whatsoever, beyond that of mere 
convenience, attaches to either classifica- 
tion. 

No attempt has been made within the 
confines of this review and _ bibliography 
to deal in detail with the wide field of 
radioactivity instrumentation. Many excel- 
lent and well-known textbooks are available 
that deal with the subject of counter and 
ionization-chamber techniques. Only in 
cases where an instrument or method of 
measurement may have had a somewhat 
specific application to radioactivity standardi- 
zation have references been given in this 
review. 


METHODS OF MEASUREMENT 


Secondary Standardization of the Naturally 
Occurring Radioactive Elements 

The international primary standards of 
radium are standards by mass. Other 
radium preparations are normally compared 
with these by comparison of the gamma-ray 
effects after the preparation has been sealed 
about thirty days to enable the radium to 
come into equilibrium with its earlier 
daughter products; the principal gamma- 
ray contribution comes from the excited 
levels of RaC’ in the disintegration of RaC. 
Alternatively, radium preparations and 
standards may be intercompared calori- 
metrically or by the method of radon 
analysis. 

The radioactivity of a given mass of 
radium is measured in terms of the curie. 
This unit was initially defined as the quantity 
of radon in equilibrium with one gram of 
radium. This quantity of radon was also 
found to be emitting alpha particles at a rate 
of about 3-7 x 10!° disintegrations per 
second, although in later years, with the 


improvements in measuring techniques, the 
measured value of this emission rate has 
departed significantly from 3-7 x 101° dis- 
integrations per second, with a trend toward 
lower values.* A recent and very careful 
determination of the specific activity of 
radium, which corresponds to the curie as 
first defined for radon in equilibrium with 
radium, has given a value of (3-608 + 
0-028) x 101° alpha particles per second 
per gram.“ Consequently, in 1950, at the 
Vith Internaticnal Congress of Radiclogy 
in London, the definition of the curie 
was changed to apply to the measurement 
of the disintegration rate of radioactive 
substances other than radium and radon, 
being defined as the quantity of any radio- 
active nuclide in which the number of 
disintegrations per second is 3-700 x 101°, 

One of the earliest and simplest methods 
for measuring the relative gamma-ray effects 
of radium preparations was that using the 
gold-leaf electrocsope. This instrument has 
indeed been retained even till the present 


* A complete bibliography of these is given in reference (4). 
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time in national standardizing labora- 
tories, © and gives good reproducibility 
with a standard deviation of the order of 
0-5°%, or even less with care, and is ideal 
for long-term trouble-free routine service. 
Ionization chambers, either singly or as a 
balanced pair,” have also been used for 
the precise comparison of the gamma-ray 
effects from radium in equilibrium with 
its daughter products. The use of a balanced 
pair of ionization chambers has recently 
been carried to a high degree of precision, 
using the decay of radon in the one chamber 
to achieve an exact balance.‘*) The present 
position is that the relative gamma-ray 
effects of different preparations can be 
measured with a precision that is better than 
the uncertainties arising from the unknown 
self-absorption in the sources themselves, 
which is difficult to calculate. 

The calorimetric method, in which the 
energy emission due to the alpha, beta, 
and gamma radiations is measured, is 
less dependent on differences in the gamma- 
ray absorption of the sources themselves. 
Some 93% of the energy emission of a 
radium sample in equilibrium with its 
products is corpuscular and, provided that 
most of the particles are absorbed, the 
measured relative values of different sources 
will be quite insensitive to any small changes 
of the order of 1 or 2% in the absorption 
of the gamma radiation. 

The earliest experiments to measure the 
rate of energy emission of radium and its 
products by their heating effects were 
carried out within a few years of the discovery 
of radium, and published in_ 1903. 
Subsequently, attempts were made_ to 
measure the heating effects of radium and 
those of its products that were alpha 
emitters.2°-! Recently, the calorimetric 
method has been developed to compare 
radium preparations with a standard devi- 
ation of about 0-1°%."® 

It should perhaps be emphasized that 
where the electroscope can measure only 
relative quantities by the gamma-ray effect, 
the calorimeter, in the comparison of one 
radium preparation with another or with 
a standard, does measure absolutely a 


property of radium and its products, namely, 
the energy emission per milligram of radium 
element. 

The radon method of comparing radium 
preparations requires that the radon in 
equilibrium with the radium shall be 
removed and measured separately, nowadays 
usually be counting the radon alpha particles 
or those arising from its decay products.'?°-® 
It is thus unsuited to the comparison of 
permanently sealed international or national 
radium standards, either with each other 
or with other radium preparations. In 
order to compare radium _ preparations 
with a radium primary standard, using 
the radon method, it is necessary that a 
secondary radon standard be prepared by 
comparing a suitable amount of radium 
salt with a primary radium standard, 
calorimetrically or by gamma-ray measure- 
ments. From this calibrated radium salt 
an aqueous solution is then prepared, from 
which equilibrium amounts of radon can 
be obtained by boiling or by bubbling 
through the solution an inert gas such as 
nitrogen. Initially, electroscopic, balanced 
ionization-chamber or  ionization-current 
measuring methods were used to measure 
the relative amounts of radon collected, 
but latterly these amounts have been 
determined by counting the alpha particles in 
ionization chambers.’ Recently, however, 
scintillation counting techniques have been 
applied to the comparison of amounts of 
radon by measuring the alpha particles 
arising from RaA recoils in a gas, these 
ionized RaA atoms being attracted electro- 
statically to an extremely thin aluminium 
foil and counted by means of a thin scintil- 
lator of zinc sulphide, adjacent to the 
aluminium foil, used in conjunction with 
a photomultiplier tube.°* The radon 
method of analysis of radium gives results 
that are reproducible with a standard 
deviation of the order of 1-0°,, and can in 
addition be used for determining the amount 
of radium present, for example, in water or 
in uranium ores, in the latter case giving 
a measure of their uranium content, provided 
that there has been no leaching and that the 
radium is in equilibrium with the uranium. 
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Other daughters of radium, and members 
of the uranium family, that are of importance 
in standardization are RaD + E, for beta- 
reference sources, and RaD + E+ F, or 
RaF (polonium-210) alone, for alpha-ray 
standards. RaD sources can be electroly- 
tically or chemically deposited on to 
palladium-clad silver discs, and RaF can 
either be grown from RaD or else plated 
from polonium-210 solution on to the same 
discs. In all three cases extremely thin 
sources of beta or alpha activity are formed. 
The disintegration rate of the RaD 
(lead-210), in equilibrium with the energetic 
beta emitter Rak, is determined by electro- 
depositing a known amount of lead that 
has been quantitatively extracted from a 
pitchblende the radium content of which has 
previously been determined by the radon 
method. Secondary sources of RaD + E 
can then be calibrated by comparison with 
one of these primary RaD + £ standards 
by means of an end-window Geiger-Miiller 
counter. The alpha emission from thin 
alpha standards of RaD + E+ F or of 


RaF (polonium-210) can be determined 
by means of a 27% proportional flow counter. 
Unless, however, the sources are thin, con- 


siderable straggling in the source will 
occur and give rise to plateaux that are 
not flat. Polonium-210 sources can also 
be standardized by determining their total 
gamma-ray emission, about | in every 10° 
alpha disintegrations giving rise to a less 
energetic alpha transition to an excited 
level of lead-206 with subsequent emission 
of a 0-804 MeV gamma ray. This alpha- 
branching ratio has recently been determined 
with a view to applying the value to the 
standardization of strong polonium-210 
alpha sources. 9-32) 

Apart from radium and its products, 
there is little interest in the standardization 
of the naturally occurring radioactive ele- 
ments with the possible exception of meso- 
thorium or radiothorium as a generator 
of thorium X, an alpha emitter, for 
incorporation into a solution or ointment 
for the treatment of skin lesions. The 
demand for this is so inconsiderable, however, 
that the standardizations are normally 


carried out, as the need arises, by measuring 
the number of 2-62-MeV gamma rays 
from ThC”, and calculating their build-up 
in relation to the ThX. This standardization 
can be preserved in terms of an ampoule 
containing a solution of about 10 microcuries 
of radium chloride solution by means of an 
ionization chamber in the manner that is to 
be discussed later in connection with the 
maintenance of standards of the artificially 
produced nuclides. 


Primary Standardization of Artificially Produced 
Beta-, Gamma-, and X-ray Emitters 


When one turns to the problem of 
standardizing the artificially produced radio- 
active nuclides, the methods of measurement 
become as varied as the properties of the 
radiations that are emitted by such nuclides. 
They are low-energy and high-energy pure 
beta emitters, each calling for its own method 
of measurement, beta and gamma emitters, 
and also electron capturers or X-ray emitters. 
Each particular case must be treated on its 
merits and may call for exhaustive prior 
investigations of the mode of disintegration of 
the nuclide. Thus a pure beta emitter may 
call for one kind of measurement, whereas a 
radioactive nuclide that decays by emitting 
an electron followed immediately by the 
emission of a gamma ray from an excited state 
of the daughter nucleus may be dealt with by 
a variety of methods, depending both on 
the degree of certainty with which -the 
particular nuclear decay scheme is known 
and its complexity. 

For beta emitters with maximum energy 
greater than about 300 keV, the best, and 
most widely used, method of primary 
standardization is that of 47f counting, 
either in the proportional or Geiger regions. 
This method involves the use of a thin 
source mounted on as thin a film as possible 
and looked at on both sides by two hemi- 
spherical, semi-cylindrical or “pill-box” 
counters each subtending a solid angle of 
essentially 27 at the source. The use of this 
method was suggested first in 1944, but the 
counter then described‘) appears to have 
had somewhat appreciably less than a 
completely 47 geometry. The first such 
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counter to attain to what is now regarded as 
essentially a 47 geometry was described in 
1948, and the use of such counters 
since has been carried to a high standard 
of working efficiency by a number of 
investigators. 

To avoid source self-absorption of electrons 
at the low-energy end of the beta spectrum, 
it is essential to reduce solids in the source 
to a minimum. For this reason, it is often 
important to precipitate the source material 
chemically from the drop of solution that 
has been deposited on the thin-film source 
holder, or to “‘freeze-dry” it in position. 
In the process of simple evaporation, the 
slow reduction in physical size of the drop 
of solution results in an_ ever-increasing 
concentration of solute in the residual 
drop, and a final deposition of solids from 
the vanishing drop. ‘The structure of such 
sources has been investigated by the method 
of electron-shadow-micrography in the case 
of silver iodide (iodine-131) sources,” and 
it has been found that the deposition of 
such sources occurs in almost spherically 


shaped “‘islands”’ surrounded by large vacant 
areas. The addition of solids in the form, 


say, of inactive silver iodide, therefore 
merely serves to increase the number of 
“islands” without essentially changing their 
size and, thus, to fill in the empty spaces 
without increasing the source self-absorption 
in any manner that can be subjected to 
analysis by the method of extrapolation. 
The counting rate on addition of inactive 
solids can, in fact, up to a certain point 
remain unchanged. It has been shown 
that in the case of 5-2-year cobalt-60 having 
a maximum beta energy of 310 keV, the 
source self-absorption can be as high as 
10% in 478 proportional counting.®” The 
method has, on the other hand, been used 
for sulphur-35,> 5) sources of which can 
be prepared with practically negligible 
solids, even though the maximum beta 
energy is considerably lower than that of 
cobalt-60. 

Measurements of the charge carried away 
from a source of radium have been made 
by several investigators.®-®) Recently, 
however, this method has been applied 


to the standardization of beta emitters.‘®—®) 
In 1950, experiments were described using 
both spherical’) and _ parallel plate‘ 
geometry. The former achieved agreement 
with National Bureau of Standards standard 
samples of phosphorus-32 to within 5%, 
but has not since been in general use. 
In the parallel-plate geometry the source 
is a very thin deposit of the emitter in 
question on one plate of a parallel-plate 
collecting system, the second plate being 
sufficiently close to balance the secondary 
electron emission and backscattering effects. 
Low-energy secondary electrons are bent 
back by means of a weak magnetic field, 
and the measurement is made in a vacuum 
to eliminate ionization. General agreement 
with the National Bureau of Standards 
standard samples of phosphorus-32 to within 
+2°%, has been obtained by this method 
over a number of years.” The method 
has also been used to calibrate sources 
of sulphur-35 and iodine-131. In another 
development of the  charge-measuring 
method, the source is deposited on a 
thin aluminium foil that is completely 
surrounded by an open-mesh_ wire-grid 
enclosure. This experiment, like the first, 
is carried out in a vacuum, and the current 
from the foil to the grid is measured for 
different positive and negative voltages 
between them. Agreement to within about 
10% for the calibration of a phosphorus-32 
source from the Atomic Energy Research 
Establishment at Harwell is quoted. 

For low-energy beta emitters there are 
two general methods of primary standardi- 
zation available. These are the methods 
of gas counting and of calorimetry. In the 
former the radioactive nuclide such as 
hydrogen-3, carbon-14, or sulphur-35 is 
admitted in the form of a gas into a cylind- 
rical-cathode gas counter operating in either 
the proportional or Geiger regions. With 
the investigators that have used this method 
there are two general philosophies, namely, 
that'*-*) which advocates the use of long 
counters having negligible or calculable 
end corrections due to the fall-off in electric 
field or change in active volume, and 
that ‘-*8) which promotes the simultaneous 
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use of two or more counters identical in 
every respect except for the cathode and 
anode wire lengths. By taking the difference 
in counting rates for such a compensated 
set of counters, the counting rates are 
obtained for ideal cylinders, equal in length 
to the differences in the lengths of the 
individual counters. Investigators of the 
former predilection have investigated the 
effect of varying length on the results 
obtained, and most of the workers in both 
disciplines have experimented with counters 
of varying radii, with a view to determining 
the magnitude of the wall correction arising 
from the fact that beta particles proceeding 
towards the wall from a finite layer of gas 
contiguous to the wall may not be counted. 
The thickness of this layer will depend on 
the number of ion pairs formed per unit 
length of beta path, and upon the minimum 
number of ion pairs required to give a 
count. As the number of ion pairs formed per 
unit path-length will be proportional to 
gas pressure, this may also be varied in an 
investigation of the wall effect. 

It is of importance in gas counting to be 
assured that any chemical reactions used 
in the preparation of the counting gas 
from the radioactive sample shall have 
been carried to completion, so that the 
measured radioactivity of the gas may be 
quantitatively related to the radioactivity 
of the original sample irrespective of any 
change in isotopic abundance that might 
occur in an incomplete reaction. Alterna- 
tively, it may be more satisfactory to 
convert the counting gas itself quantitatively 
back to compounds that can be totally 
absorbed or trapped after the counting 
experiment has been completed. Thus, 
in the standardization of hydrogen-3 or 
carbon-14, the quantitative preparation of, 
say, radioactive acetylene, in which the 
hydrogen-3 or carbon-14 are incorporated 
in the acetylene molecule, may be difficult. 
Any sample of radioactive acetylene that 
has not been quantitatively prepared can, 
however, be quantitatively converted by 
complete combustion, after counting, to 
water and carbon dioxide. The measured 
radioactivity of this water or carbon dioxide 
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can then be prepared with the original 
sample by relative counting techniques, 
such as liquid scintillation counting or the 
gas ionization chamber. The only slight 
drawback to this method would lie in the 
fact that the amount of the primary standard 
available would be somewhat limited. 

Electron-capturing nuclides that exist in 
suitable gaseous compounds should be sus- 
ceptible of primary standardization by 
gas-counting methods, provided that ade- 
quate information regarding the fluorescence 
yield is available. 

In some cases where macroscopic amounts 
of the disintegrating nuclei can be obtained, 
the rate of disintegration can be determined 
by collecting and measuring the amounts 
of the decay products. Such techniques, 
that have in the past been used to determine 
the age of rocks containing the naturally 
occurring radioactive elements, have recently 
been most successfully applied‘ to 
obtaining the half-life of tritium by deter- 
mining the initial isotopic abundance and 
the number of disintegrations in a given 
time, the latter being measured by collecting 
the helium-3 formed and assaying it mass- 
spectrometrically. This method provides 
an absolute measurement of the disintegra- 
tion rate, but it has application in only 
a limited number of specific cases. 

Microcalorimetric methods have been 
used at the Chalk River laboratories of 
Atomic Energy of Canada Limited to 
measure the disintegration rate of hydro- 
gen-3,') and at the National Bureau of 
Standards to determine the disintegration 
rate of both hydrogen-3 and sulphur-35.'%) 
As there is no published account of the 
hydrogen-3 standardization carried out at 
the National Bureau of Standards, it may 
be appropriate to mention that the energy 
emission from about 4-8 curies of tritiated 
water contained in a small quartz tube 
was measured over a period of some four 
months in the radiation balance developed 
to compare the 1934 Hénigschmid radium 
standards." The tritiated water had been 
sealed into the quartz tube under some 
2cm Hg pressure of hydrogen to inhibit 
the formation of H and OH radicals as a 
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result of irradiation of the water. After 
measurement in the microcalorimeter, this 
tube of tritiated water was crushed under 
1 kg of water in a specially constructed 
stainless steel container, and the master 
solution so obtained diluted to give standards 
of activity around 104 and 10 d.p.s./ml. 
The exact disintegration rate was obtained 
from the energy emission per millilitre and 
the assumed mean energy of 5-69 keV per 
disintegration for hydrogen-3.* 

For beta emitters that are associated 
with one or more gamma rays in coincidence, 
the method of beta-gamma or gamma- 
gamma coincidence counting is one of the 
most powerful standardizing tools available. 
The earliest known application of this 
method was by H. Geicer and A. 
WERNER,®® to determine the efficiencies 
of two observers looking at the same zinc 
sulphide screen through two microscopes 
and counting the number of scintillations 
due to alpha particles. The application 
of the method of coincidence counting 
to the determination of the efficiencies of 
beta or gamma counters®!) has the added 


advantage that these efficiencies normally 
remain constant and do not suffer from 
such human frailties as fatigue and sus- 


ceptibility to diversion! The method of 
coincidence counting has been used in 
conjunction with counters®® to 
determine the efficiencies of the 47f counters 
in the standardization of cobalt-60. In 
the standardization of cobalt-60 by the 
method of gamma-gamma_ coincidence 
counting, using sodium iodide (thallium- 
activated) crystals as the detectors in each 
channel, the effects of backscattered gamma 
rays from one counter giving rise to a 
coincidence count in the other is readily 
eliminated by setting the discrimination 
level to exclude all such backscattered 
gamma rays. By introducing varying re- 
solving times by the use of delay lines of 
varying length, it is also possible to obtain 
a linear plot of coincidence counting rate 
against time (or delay-line length) and to 


extrapolate to zero resolving time (or 
zero length) to obtain the true coincidence 
rate without accidentals.*?) In conjunction 
with fast circuitry, this method is of great 
use in the standardization of such nuclides 
as cobalt-60 and sodium-24. 

In the application of beta-gamma coinci- 
dence scintillation counting it is important 
to minimize the efficiency of the beta 
detector to gamma rays. This can readily 
be done by grinding the crystal detector 
used in the beta channel down to a thickness 
of about 1 mm.‘*) 

Electron-capturers that emit a nuclear 
gamma ray in coincidence with the K and L 
X-rays can also be standardized by the 
method of X-ray-gamma-ray coincidence 
counting. 

The principle of 47f counting has recently 
been extended to crystal scintillation counting 
by forming a sandwich of two anthracene 
crystals with the source deposited between 
the sandwich on one of the crystals.(°* 
Two photomultiplier tubes look at the 
sandwich from opposite sides, and true 
counts in the crystal are recorded as coinci- 
dences between the two photomultiplier 
channels. Efficiencies of better than 99% 
have been obtained by this method for 
phosphorus-32. The low threshold of about 
4 or 5 keV of this method enables one to 
hope that it will be possible to use it to 
standardize electron-capturing nuclides for 
which information on the fluorescence yield 
is available. 

The method of 47 liquid scintillation 
counting has also been applied to primary 
standardization of beta emitters.) In 
this method the source is supported in the 
liquid scintillator between a sandwich of 
two thin foils; the absorption correction 
for these can, however, be quite high. 


Secondary Standardization of Artificially Produced 
Beta-, Gamma-, and X-ray Emitters 

The simplest way of effecting a comparison 
between a primary and secondary standard 
of radioactivity is by means of a substitution 


* The mean energy for disintegration is the mean beta-ray energy less the difference in the total electron binding 


energies of hydrogen —3 and helium —3. 
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method under reproducible conditions of 
geometry, the relative intensities of radio- 
activity being measured by any instrument 
that records either individual beta or gamma 
rays or else measures their ionizing effects. 
Such a method, whatever the nature of the 
recording device, can, in the hands of a 
competent observer, be relied upon to 
give results having a standard deviation 
of from 0-1 to 1-0%. It is also to be under- 
stood that within the meaning of “‘reprodu- 
cible conditions of geometry” is to be included 
the method of source preparation. The 
method of comparing radioactive sources 
of unknown strength with calibrated RaD + 
E sources is no longer very acceptable, on 
account of the fact that the geometrical 
conditions are, on the whole, somewhat 
irreproducible and involve considerations of 
absorption and backscattering. The method 
has, however, been shown to give consistent 
results with the use of “‘weightless’’ sources 
mounted on thin films.® RaD + E sources 
are now, in general, only recommended 
for use as reference sources for the main- 
tenance of the calibration of measuring 
equipment by the method of substitution 
in which the initial calibration has been 
made using a standard sample of the nuclide 
in question. 

The recording device used in such a 
substitution method can be a gold-leaf or 
quartz-fibre electroscope; a beta ionization 
chamber or gamma ionization chamber 
used in conjunction with a Lindemann- 
Ryerson, or vibrating-reed electrometer, or 
any other low-current-measuring device; 
any kind of beta-, gamma-, or X-ray 
counter; or an organic-solvent (formamide) 
counter. 

At the National Bureau of Standards 
the primary standardizations of the short- 
lived nuclides are maintained by means 
of a 27 ionization chamber in conjunction 
with RaD + E reference sources, and a 
ionization chamber in conjunction 
with reference standards of radium con- 
sisting of radium bromide solution in 
flame-sealed glass ampoules.” Primary 
standards of the short-lived nuclides sodium- 
24, phosphorus-32, iodine-131, and gold-198 


are calibrated by 47f or coincidence coun- 
ting. ‘These primary standards are then 
used to effect a calibration of the appropriate 
ionization chamber in conjunction with 
either a RaD + E reference source or a 
radium-solution standard ampoule. Further 
standards of these artificially produced 
nuclides are then issued as secondary 
standards by calibration against the reference 
sources in these chambers. 

A cavity ionization chamber has also 
been used to determine, to within +5%, 
the disintegration rate of a beta or gamma 
emitter.) The gamma rays from radium 
in equilibrium with its products were used 
to calibrate the chamber. The relative 
stopping powers of wall and air, and of 
the energy-loss per ion pair formed in air 
for the two nuclides, can then be used to 
calculate the rate of disintegration.‘**—®®) 
Any other gamma emitter than radium 
may be used to calibrate the ionization 
chamber, provided that the dose-rate in 
air to which it gives rise is known in terms 
of its disintegration rate. 

In this connection it is interesting to note 
that in addition to using counting methods 
to standardize such gamma emitters as 


sodium-24, potassium-42, iron-59, cobalt-60, — 


and bromine-82, some laboratories in the 
United Kingdom have also maintained 
standards of such nuclides by determining 
the roentgens per hour at 1 cm from samples 
standardized by counting methods. ‘This 
was partially to accommodate medical 
and therapeutic needs. As a result, the 
British standard of radioactive iodine-131 
is a standard that has been defined by 
measurement of its gamma-ray effect, in 
terms of roentgens per hour at 1 cm, using 
a graphite-wall ionization chamber that 
had been calibrated with radium, assuming 
a conversion factor of 8-3 roentgens per 
hour per milligram at 1 cm. However, 
in order to derive the millicurie content 
of the I'*1, it is necessary to adopt an 
arbitrary conversion factor to correlate 
the response of the chamber with absolute 
counting measurements. This factor is 
2:25 roentgens per hour in air at 1 cm 
from 1 millicurie of [!%1, and compares 
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favourably with the factor 2-29 deduced from 
recent determinations of the disintegration 
scheme®)) if the average energy lost in 
producing one ion pair in air is assumed to 
be 32-5eV and the conversion factor for 
radium is assumed as above. None of 
these assumptions affects the value of the 
standard in millicuries, which is ultimately 
based on counting methods, once the 
arbitrary conversion factor has been adopted. 
It would therefore seem that this method, 
whilst preserving the primary standard, 
is capable only of producing secondary 
standards for future issue. ‘The dose-rate 
as measured in air will be unchanged by 
changes in other atomic and nuclear data, 
and is therefore the same for the clinician, 
but is relative to the corresponding figure 
for radium, so long as this is used to calibrate 


the graphite-walled chamber. 

For low-energy beta emitters, such as 
hydrogen-3 or carbon-14, comparisons with 
the primary standards can be carried out 
by liquid scintillation counting.“?-®) The 
method of formamide counting is 
particularly useful for the rapid comparison 
of the activities of aqueous solutions of 
salts of the radioactive nuclides. In this 
method up to 10% of an aqueous solution 
of radioactive material can be dissolved 
in the organic solvent, formamide, and this 
resulting solution can be introduced into a 
27 proportional flow-counter without in 
any way impairing the electrical or counting 
properties of the counter. A great advantage 
of this method is that it completely eliminates 
problems arising from differences in source 
self-absorption. 


PROBLEMS ARISING IN THE PREPARATION AND DISTRIBUTION OF 
RADIOACTIVITY STANDARDS 


In some countries where the use of 
radioactive materials is still relatively on a 
small scale, facilities exist for the standar- 


dizing of each consignment en route to the 
laboratory to which it is being consigned. 


In the United States and the United 
Kingdom this practice is no longer feasible, 
so that both the National Bureau of Standards 
and the National Physical Laboratory pro- 
duce radioactivity standards for distribution 
to laboratories using radioactive materials 
for experimental purposes in order that these 
laboratories may standardize their own 
calibration equipment. The standardization 
of such equipment for any particular radio- 
active nuclide, having radiations unique 
to itself and therefore a definite efficiency 
for measurement, is then preserved in terms 
of a long-lived radioactive substance such 
as RaD + E in the case of beta emitters, 
and radium in the case of gamma emitters. 
Incoming shipments of radioactive materials 
can then be routinely calibrated and, 
provided that there is no change in the 
- characteristics of the calibrating equipment, 
only an occasional recheck is necessary 
against a radioactivity standard of the 
nuclide under consideration. the 


point of view of permanence and consistency 
of operation, ionization methods can be 
seen to be superior to counting methods 
that depend on both the life of the counter, 
if it is of the sealed variety, and the mainten- 
ance of the auxiliary electronic equipment. 

Most of the radioactivity standards of 
the National Bureau of Standards, as 
can be seen from the list of Table 1, are 
solution standards to which sufficient carrier 
has been added to render negligible the 
adsorption of the active material to the 
container walls. With four exceptions, 
these are standards of relatively long life 
that are prepared in batches of several 
hundred ampoules at a time and kept 
in stock for distribution as required. ‘The 
standards of the short-lived nuclides sodium- 
24, phosphorus-32, iodine-131, and gold-198 
are each distributed twice a year. Some 
six weeks before such a distribution is to 
take place, notification cards are sent to a 
mailing list consisting of some 350 potential 
users in North America. Normally between 
fifty and one hundred orders are placed, 
and the distribution is planned accordingly, 
an appropriate number of glass ampoules 
being filled with the same solution (prepared 
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Tas_e |. National Bureau of Standards Radioactivity 


Sample No. Radiation Nuclide 


Nominal 
activity (a) 


| 


Volume | Chemical form of standard 


Polonium-210) 
Polonium-210°) 
Polonium-210) 
U,0, 


RaD + 
RaD + 
RaD + 
Cobalt-60 
Cobalt-60 
Cobalt-60 


RR 


R 


Phosphorus-32() 
Iodine-131) 
Gold-198‘4) 

{ Strontium-90 

| Yttrium-90 
Thallium-204 
Sodium-22 
Sodium-22 
Sodium-24() 
Carbon-14 
Carbon-14) 
Hydrogen-3 
Hydrogen-3 
Sulphur-35 
Tron-55 
Zinc-65 
Cesium-137 
Mercury-203 


wD 


W 


( 


B 
B 
B 
B 
K 


by 


200 dps 
500 dps 
1000 dps 
15 dps 


200 dps 
500 dps 
1000 dps 
104 dps/ml‘9) 
10° dps 
106 dps‘) 


10° dps/ml‘) 
105 
105 dps/ml‘) 


104 dps/ml‘9) 
104 dps/ml‘9) (7) 
104 dps/ml‘9) (7) 
10° dps") 
10° dps/ml‘9) (7) 
103 dps/ml‘9) 
104 dps/g 

104 dps/ml™) 
108 dps/ml) (7) 
104 dps/ml‘9) 
10° dps/ml) 
10° dps/ml) 
108 dps/m1™) 
10® dps/ml) 


Plated from polonium chloride 
Plated from polonium chloride 
Plated from polonium chloride 
Plated from polonium chloride 


Lead peroxide 
Lead peroxide 
Lead peroxide 
Chloride in HCI solution 
Chloride in HCI solution 
Chloride in HCI solution 


Phosphoric acid solution 
Sodium iodide solution 
Auric cyanide solution 


Chloride in HCI solution 
Thallic nitrate in HNO, solution 
Chloride in HCI solution 
Chloride in HCI solution 
Chloride in HCI solution 
25-0 ml Sodium carbonate solution 

(m) Benzoic acid 
25-0 ml Tritiated water solution 
Tritiated water solution 
Sodium sulphate solution 
Ferric chloride in HCI solution 
Zinc chloride in HCI solution 
Chloride in HCI solution 
Mercurous nitrate in solution 


5-0 ml 


(7) (m) 

(2) (m) 

(i) (m) 
5-0 ml 
5-0 ml 


‘2 The disintegration rate as of the reference date is given on a 
certificate accompanying the standard. 

‘) Samples consist of a practically weightless deposit of polonium-210, 
deposited on a silver disk 1 inch in, diameter, qig-inch thick and 
faced with 0-002 inch of palladium. 

Deposited source. 

(4) Samples consist of UO, deposited on a 0-1 mm platinum foil and 
mounted on an aluminium disk, 1} inch in diameter and /5-inch 
thick. The alpha-ray disintegration rate as of the date of calibration 
is indicated on the certificate accompanying the standard. 

(€) Evaporated source. 

if) Standards consist of a practically weightless deposit of Pb-210 and 
Bi-210 in equilibrium, deposited on a silver disk 1 inch in diameter, 
yg-inch thick and faced with 0-002 inch of palladium. 

*(9)Total activity has been adjusted so that AEC authorization is not 
required for one standard. 

*() AEC authorization is required. 


‘® Approximately 3 ml of low-solids carrier solution containing the 
active nuclide in a flame-sealed ampoule. 


‘9) Distributed periodically at announced intervals. 
“® Benzoic acid for use in liquid scintillation counters. 


(™) In preparation. 


Radium Standards (for Radon Analysis) 


Radium content 


7 (a) 
(in grams) Volume (ml) 


Sample No. 


10-9 100 
10-11 100 
Blank solution | 100 


4950 
4951 
4952 


‘@) Samples are sealed in glass containers. They were prepared by 
determining the radium content of a purified sample of radium 
bromide by direct comparison with the U.S. Primary Radium Stand- 
ards by means of the gold-leaf electroscope. This radium bromide was 
then transferred quantitatively to a carrier solution consisting of 0°-2% 
by weight BaCl,-2H,O in a 5% by weight solution of HCl. 


* Note added in proof—Since this article was written, the AEC regulations have been modified to exempt pile-produced radio-active 


materials between atomic numbers 3-82 inclusive. 


14 
4900 (c) } 
4901 (c) | 
4902 (c) | 
4903 | 
4910 () | 
4911 (c) | 
4912 (c) | 
4913 (i) 
4914 5-0 ml | 
4915 5-Oml 
4916 | 
4917 ) (z) 
4918 ) 
4919 
4920 
492] 
4922 
4923 1 
4924 
4995 956/5 
4996 
4927 
4928 
4929 
4930 ) 
4931 
4932 
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Standards Alpha, Beta, Gamma Standards 


Method of primary standardization Method of secondary standardization. 


27% prop. counting 
27% prop. counting 
270 prop. counting 
27% prop. counting 


Quantitative extraction from pitchblende 
Quantitative extraction from pitchblende 
Quantitative extraction from pitchblende 
4B prop. counting; coinc. counting 
4B prop. counting; coinc. counting 
4B prop. counting; coinc. counting 


47B prop. counting 


Defined-geometry G.-M. counter 
Defined-geometry G.-M. counter 
Defined-geometry G.-M. counter 
4rry ion. chamber; formamide counting 
4rry ion. chamber; formamide counting 
4rry ion. chamber; formamide counting 


27B ion. chamber; formamide counting 


ion. chambers; formamide counting 


4x78 prop. counting; coinc. counting 
ion. chambers; formamide counting 


4B prop. counting; coinc. counting 


27B ion. chamber; formamide counting 
27 ion. chamber; formamide counting 
ion. chamber 
ion. chamber 
ion. chamber 


47B prop. counting 
478 prop. counting 
prop. counting; coinc. counting; comparison 
478 prop. counting; coinc. counting} Co® comparison 


4B prop. counting; coinc. counting 
Compensated gas counting Formamide counting; CO, ion. chamber; liq. scint. counting 


Compensated gas counting Formamide counting; CO, ion. chamber; liq. scint. counting 
Calorimeter; compensated gas counting Liq. scint. counting; H-3 ion. chamber 

Calorimeter; compensated gas counting Liq. scint. counting; H-3 ion. chamber 

Calorimeter; 47f prop. counting Liq. scint. counting; formamide counting 

Liq. scint. counting Liq. scint. counting; X-ray counting 

Liq. scint. counting; coinc. counting Liq. scint. counting; X-ray counting 

prop. counting; coinc. counting ion. chamber 

prop. counting; coinc. counting ion. chamber 


Rock and Ore Standards Radium Rock Samples‘® 


| Average radium 
content 


| : | (gram of radium 


Radium content 
(in grams) Volume (ml) | per gram of rock) 


Radium Gamma-ray Standards 


Sample No. 
| 10712) 
(0-009 + 0-004) 
0-15 + 0-03 


4955 0-1 x 10-6 
4956 0-2 Carthage limestone 
| Berea sandstone 0:24 
Columbia River basalt 0-33 
Chelmsford granite | 2:96 
| Quartzite 0-06 
Graniteville granite 3-3 
Gabbro-diorite |; 0-18 
Milford granite 0-23 
Triassic diabase 0-18 
Deccan trap 
_ Kimberlite | 0-59 


4957 0:5 

4958 

4959 

4960 

4961 | 

4962 | 
| 


| 
| 
| 
| 


4963 
4964 


(2) Samples are contained in flame-sealed glass ampoules. They were 
prepared by determining the radium content of a purified sample of 
radium bromide by direct comparison with the U.S. Primary Radium 
Standard 25 by means of the gold-leaf electroscope. The radium 
bromide was then dissolved quantitatively in a 5% by weight solution 
of 


‘® Each sample consists of 100 g of pulverized rock taken from bulk 
material analysed for radium content. Petrographic data and approxi- 
mate chemical analysis of a representative sample of each rock is 
also given in a certificate accompanying each sample. 
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| 
| 
Lie 
| 
+ 0-02 
+ 0-03 
+ 0-08 
+ 0-01 
+ 0-2 
+ 0-02 
+ 0-02 
+ 0-03 
+ 0-04 
+ 0-04 
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by suitable dilution from a master solution) 
and flame-sealed. Several of these ampoules, 
taken at random, are then calibrated and 
the distribution is made either by air 
express (sodium-24 and gold-198) or railway 
express (phosphorus-32 and iodine-131). 

In view of the difficulties that had to be 
surmounted in the distribution of the 
short-lived radioactive nuclides, there have 
been a number of attempts to provide 
substitute standards for these. Thus, in 
the Netherlands it has been shown that, 
using a beta counter with sodium-22, the 
absorption of the positrons, together with 
the gamma rays and annihilation radiation, 
in aluminium is essentially the same as 
that for the beta particles and gamma 
rays from iodine-131 up to about 90 mg/cm? 
of aluminium.) The backscattering from 
a thick layer of aluminium was practically 
the same for each nuclide. Thus, iodine-131 
may be assayed in terms of a standardized 
sample of sodium-22. In the same way, 


thulium-170 has been shown to have the 
same absorption coefficient as gold-198 for 


beta counting, and potassium-40 is suggested 
as a good substitute standard, by beta 
counting, for sodium-24.) Recently a 
remarkably close gamma-ray analogue for 
iodine-131, whose principal gamma rays 
have energies of 335 and 608 keV, has 
been produced by mixing the correct 
proportions of barium-133 (82, 300, and 
375-keV gamma rays) and caesium-137 
(662-keV gamma rays). When such 
a substitute standard is used to calibrate 


a true iodine-131 sample, its effect as 
measured by any kind of gamma-sensitive 
equipment will be approximately the same 
as for iodine-131. It may thus have uses 
for calibration to within say +3 to 5% 
when standards of short-lived iodine-131 
itself do not happen to be available. A 
set of such “mock-iodine” standards con- 
sisting of two nominal 10-microcurie and 
two 50-microcurie ampoules was calibrated 
in the summer of 1955 at the National 
Bureau of Standards, the Max Planck 
Gesellschaft at G6ttingen, and the National 
Physical Laboratory. The results, obtained 
by ionization chambers, Geiger-Miiller 
and scintillation counters at these three 
laboratories did not differ by more than 
+4°%, from the mean value. 

At the National Physical Laboratory 
the problem of preserving short-lived radio- 
activity standardization outside the national 
standardizing laboratories is _ being 
approached by investigating the possibility 
of factory-producing a combined beta- and 
gamma-ionization chamber.“° Four such 
combined chambers have already been 
produced and are under test at the National 
Physical Laboratory.2% It is hoped that 
when they are ultimately produced in 
quantity they will be so similar in construc- 
tion that a separate calibration of each 
combined chamber for each nuclide will 
be unnecessary and that users of radioactive 
materials will always have available means 
for the calibration of individual nuclides 
to ,(102) 


INTERNATIONAL COMPARISONS OF RADIOACTIVITY STANDARDS 


Within the last five years a great many 
intercomparisons of radioactivity standards 
have been carried out between the standar- 
dizing laboratories of Canada, the United 
Kingdom, and the United States.2°) The 
results that are available of these inter- 
comparisons are summarized as follows: 


Radium-226 

In the summer of 1952 one of the two United 
States Hénigschmid radium standards (No. 5440) 
was taken to the National Physical Laboratory and 
compared with the British Hénigschmid radium 


standard (No. 5432).2° In February 1954 the 
British H6nigschmid standard (No. 5432) was 
brought to the National Bureau of Standards and 
compared with the United States Hénigschmid 
standards (Nos. 5437 and 5440).(10. 10a) In Novem- 
ber and December 1955 the Hénigschmid standard 
of the Federal Republic of Germany (No. 5426) 
and the Canadian Honigschmid standard (No. 5425) 
were brought to the National Bureau of Standards 
for comparison with the United States standards ;1°® 
and between these last two measurements the 
Federal Republic of Germany standard was com- 
pared at the National Research Council’s laboratories 
in Ottawa with the Canadian standard. The 
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measurements of these standards carried out at the 
National Bureau of Standards using the electroscope 
and calorimeter agreed to within 0:3% with the 
results of HOnicscumip’s weighings. By combining 
all three determinations at the National Bureau of 
Standards with H6nicscHmip’s own weighings, 
“best estimates’’ of the masses of radium have been 
made. 10) 

In the autumn of 1952 the United States Hénig- 
schmid radium standard (No. 5440) was taken to 
Ottawa for comparison, by the method of gamma-ray 
ionization measurement, at the National Research 
Council’s laboratories with the old Canadian 
National Radium Standard (XIII), which was not 
one of the original Hénigschmid standards. As 
the Hénigschmid standards are loosely packed and 
the old Canadian standard tightly packed, it was 
necessary to calculate absorption corrections for 
each of the two standards. In the description of this 
intercomparison") the results of all previous 
measurements of the Canadian standard are quoted 
and the mean given for all values determined by 
the gamma-ray ionization method. None of the 
individual ionization values differs from this mean 
by more than +0-1%, but the calorimetric deter- 
mination at the National Bureau of Standards is 
noted to have given a value for the radium content 
that is 0-4% higher.‘1”) 

A number of very precise comparisons of Hénig- 
schmid standards, including the new Canadian 
standard (No. 5425), with the 1911 Paris (Marie- 
Curie) and Vienna standards and with the new 
international standard (Hénigschmid No. 5430) 
have also recently been carried out at Brussels'1) 
by the balanced-ionization-chamber method, using 
radon. The precision of the results obtained, of a 
few parts in 10,000, takes one, however, at least one 
order of magnitude beyond the uncertainties involved 
in the self-absorption of the sources themselves. 


Hydrogen-3 

Hydrogen-3 standards were distributed to a 
number of laboratories for intercomparison by 
Atomic Energy of Canada Limited in 1953. At the 
National Bureau of Standards the Canadian and 
United States standards were compared by the 
method of liquid scintillation counting and found 
to agree to within 1:3%. The Canadian standard 
had been calibrated by the method of gas counting'”®) 
and the United States calorimetrically. 


Carbon-14 

Solution standards of this nuclide have been 
distributed internationally, but the general situation 
leaves much to be desired. The appropriate method 


2 


of primary standardization would appear to be that 
of gas counting, but the disagreements obtained can 
be matched only with those still extant for its half- 
life; to which latter disagreement, however, the 
contributions of mass spectrometry would appear 
to be not wholly trivial. At the National Bureau of 
Standards, new and carefully designed compensated 
gas counters of copper and of stainless steel have 
been constructed with a view to recalibrating its 
carbon-14 standards. 


Sodium-22 


Standard samples of sodium-22 have been dis- 
tributed on an international basis, but to date no 
intercomparison results are available. 


Sodium-24 

Since the inception of the half-yearly distribution 
of standard solutions of this nuclide by the National 
Bureau of Standards in the autumn of 1954, samples 
have been sent regularly to Canada and the United 
Kingdom for intercomparison. In spite of its short 
half-life of only 15 hours, comparisons have been 
carried out by the methods of 478 counting and 
By-coincidence counting, with an overall agreement 
of +2°% from the mean value for each distribution. 
The co-operation of the United Kingdom Supply 
and Treasury Delegation and Scientific Mission in 
getting these solution standards to the National 
Physical Laboratory on the day after despatch from 
Washington, D.C., has been an essential factor in 
the success of these intercomparisons. Normally, 
zero dates for measurement are set at definite times 
on the second, third, and fourth days after despatch 
from Washington. This is the shortest-lived nuclide 
used for international comparisons, and it is doubtful 
whether standards of much shorter-lived nuclides 
could be conveniently prepared for international or 
domestic distribution. For individual or special 
requirements, however, standardizations could prob- 
ably be carried out with nuclides having half-lives 
of an order of magnitude less than that of sodium-24, 
but such standardizations would probably call for 
simultaneous measurements a day or so after despatch 
of a sample that is some 10’ or 108 times stronger than 
is ultimately required for measurement. 


Phosphorus-32 


Semiannual intercomparisons of this nuclide with 
Canada and the United Kingdom have been carried 
out since February 1950.'57) Most measurements 
have been by the method of 47f counting (in the 
proportional or Geiger regions), and overall agree- 
ment appears to be settling down to about +1% 
from the mean value for each distribution. 
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Cobalt-60 


Early in 1952, solution standards of this nuclide 
were made available for international comparison 
measurements by the National Bureau of Standards. 
The results obtained by Canada, the United King- 
dom, and the United States by By- and yy-coinci- 
dence counting agreed to within +1°, from the 
mean value.‘°”) A somewhat larger spread arose, 
however, in the results obtained by 478 counting 
(both proportional and Geiger), and it was subse- 
quently shown'*”) that source self-absorption could 
cause a decrease in the observed counting rate by 
as much as 10°,. By taking the most extreme pre- 
cautions in source preparation and _ precipitating 
the cobalt from solution in the 0-05-ml drop that 
was placed on the formvar-polystyrene film by means 
of ammonia, the 47f proportional counter gave 
results that were in agreement with those obtained 
by coincidence counting.”) The National Physical 
Laboratory has also shown, by 47f-y coincidence 
counting, that the losses due to source self-absorption 
in the 4zf counter cobalt-60 can be of the order of 
5°,,.409) For beta counting, therefore, the solids in 
solution must be kept low and a minimum of carrier 
used. It would appear that 4z7/ counting is not 
generally to be recommended for radioactive 
nuclides with beta spectra having maximum energies 
below 300 keV. 


Strontium-90 in equilibrium with Yttrium-90 

Standard solutions of this nuclide were distributed 
by the Atomic Energy Research Establishment, 
Harwell, in 1953. By means of 47f counting, overall 
agreement within the limits of +2°, from the mean 
value was obtained.'*”) It was shown, however, at 
the National Bureau of Standards that in sources 
prepared for 47f proportional counting the source 
self-absorption for evaporated sources could be as 
much as 6°, higher than that for precipitated sources 
of this nuclide. As the maximum energy of the 
yttrium-90 beta rays is 2:2 MeV, this is surprising, 
and emphasizes the precautions that must be taken 
in source preparation. 


Todine-131 


Semiannual intercomparisons of this nuclide 
have been made with Canada, or the United King- 
dom, or both, ever since December 1949, using the 
standards prepared for the regular distributions of 
the National Bureau of Standards.‘**) Agreement 
has been obtained in the determinations of the basic 
counting rates to within +1% from the mean value 
for each distribution. The National Bureau of 


Standards has, however, made a calculation for the 
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source self-absorption based on shadow electron 
micrographs of potassium-iodide source deposits.” 
These calculations give a source self-absorption of 
about 2°4, and accordingly all National Bureau 
of Standards calibrations by 47f proportional 
counting are corrected by this amount for source 
self-absorption. ‘The standardized activity is thus 
2°. higher than that determined by 47f proportional 
counting. 


Gold-198 

The first intercomparison of gold-198 was carried 
out in May 1953 on samples distributed to Canada 
and the United States by the Atomic Energy Research 
Establishment, Harwell. Overall agreement was 
not better than +4% from the mean value, the 
calibrations being carried out by 47f-proportional 
and 47-Geiger counting, fy-coincidence counting, 
y-reference chamber, and f-reference chamber. 
Subsequently, this agreement has been improved 
to +2°%, using the solution standards made available 
semiannually by the National Bureau of Standards. 


Thallium-204 

Standard solutions of this nuclide, calibrated by 
478 proportional counting, have been distributed 
by the National Bureau of Standards for inter- 
comparison. Some difficulties that may possibly be 
ascribed to adsorption on the glass or to exchange 
have, however, been experienced, and work is 
proceeding currently on the subject. These diffi- 
culties may arise from the same source as gives rise 
to the two groups of quite different half-lives for 
thallium-204 that appear in the literature. 


It will thus be seen that of the original 
nine nuclides that were proposed for inter- 
comparison at the 1951 Harwell conference 
satisfactory agreement has been achieved 
in the case of six. One other, namely 
hydrogen-3, has also been satisfactorily 
intercompared. 

In addition to the three nuclides still 
outstanding, the difficult field of electron- 
capturing nuclide standardization remains, 
as yet, unexplored from an international 
point of view. Even on a purely national 
basis, the attempts to produce radioactivity 
standards of such nuclides have been some- 
what sporadic, and it yet remains to achieve 
the kind of accuracies and reproducibility 
of results that have been aimed at in 
international comparisons. 
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Another problem that is presently 
engaging the attention of the National 
Bureau of Standards is the production 
of gamma-ray standards kits with a variety 
of standards to cover, in suitable intervals, 
the energy range from 0-1 to 1-0 MeV. 
These standards, which are required for 
nuclear physics research, will probably 


INTERNATIONAL 


As has been noted already, the first 
meeting of the Subcommittee on Radio- 
activity Standards of the International 
Commission on Radiological Units was 
held in Frankfurt-am-Main on 5 and 6 
August 1955. At this meeting it was 
recognised that, in the field of radioactivity 
standardization, there were three general 
groupings of the countries that were then, 
or were in the future likely to be, interested. 
These groupings were: (I) Those countries 
that were producing regularly primary or 
secondary standards of radioactivity and 
were in a position to supply other countries 
with such standards; (II) those countries 
that, while being in a position to produce 
their own standards of radioactivity, might 
yet find it more convenient to obtain 
standards from countries in group (1); 
and (III) those countries that would find 
it difficult to produce primary or secondary 
standards and would prefer to meet their 
needs by relying wholly on relative measure- 
ments using standards supplied by countries 
in group (I). It was recognized that the 
National Bureau of Standards (U.S.A.) 
and the National Physical Laboratory (U.K.) 
were the only laboratories at present pre- 
paring and_= distributing radioactivity 
standards in quantity, and it was accordingly 
agreed that the Subcommittee should prepare 
a combined catalogue of the radioactivity 
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be issued in the form of discs calibrated in 
terms of the gamma-ray emission, in a 
27 geometry, from the surface of the disc 
on which the source is deposited. It is 
anticipated, from the interest already shown 
in them, that these standards will also, 
in the future, be considered for international 
comparison. 


ORGANIZATION 


standards available from these two standar- 
dizing organizations. It is expected that 
this catalogue will be published in the 
summer of 1956. 

It is eventually hoped that other countries 
will participate in international comparisons 
of radioactivity standards, and accordingly 
the directors of the three standardizing 
laboratories concerned, in the United States, 
United Kingdom, and in Canada, have, 
in the closing paragraph of a joint state- 
ment,°3) extended an invitation to those 
who are interested in such intercomparisons 
to write to the most conveniently situated 
of the three directors. 
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Radioactive Tracer Techniques for Sand 
and Silt Movements under Water 


J. L. PUTMAN AND D. B. SMITH 
Atomic Energy Research Establishment, Harwell, Didcot, Berks 


(Peceived 3 February 1956; in final form 10 February 1956) 


The choice of powdered glass, containing #*Sc as a physical tracer for following the 
underwater movement of sand and silt, is discussed. Two experiments are described to show 
its application to the study of river siltation and of the offshore movement of sand on the 
sea-bed. The results obtained give information about the amount of radioactivity required in 
such experiments, and methods of depositing it and tracing its movement. 


Techniques du traceur radioactif appliquées a l’etude des mouvements du sable 
et de la vase sous les eaux 


On discute du choix d’un verre en poudre contenant du *®Sc comme traceur physique 
pour suivre le mouvement du sable et de la vase sous les eaux. 

Deux expériences sont présentées, montrant son utilisation a l’étude de |’envasement de 
riviére et au mouvement de reflux du sable sur le fond de la mer. Les résultats obtenus donnent 
des informations sur la quantité de radioactivité nécessaire dans de telles expériences, sur la 
manieére de répartir le verre et de suivre son déplacement. 


uaa Bowoit. 


*KEHO CTeEKIO, OnncaHb! OMBbITA, 13 KOTOPbIX 
ane. pesyabtaTh ykasanne Ha TO, KakaA AKTUBHOCTH Mpelapata 
TAaKMX a TaksKe Ha CHOCOObI BBeeHMA 
8a ero 


Radioaktive Indikatormethoden zur Bestimmung der 
Unterwasserbewegung von Schlamm und Sand 


Die Verwendung von *6Sc-markiertem Glas als Indikator bei der Untersuchung der Unter- 
wasserbewegung von Sand und Schlamm wird besprochen. Zwei Versuche werden bes- 
chrieben, welche die Anwendung bei der Untersuchung der Flussverschlammung und des 
Sandtransports am Meeresboden in der Richtung von der Kiiste zeigen. Die erhaltenen 
Resultate geben Aufschluss iiber die Aktivitaétsmengen, die fiir solche Versuche bendtigt 
werden und iiber die Methoden eine radioaktive Markierung durchzufiihren und ihre 
Bewegung zu verfolgen. 
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The underwater movement of sand and 
silt has generally been followed in the past 
by introducing some material not normally 
present in the sand and by subsequent 
sampling and tedious analysis. The use of 
radioactive tracers offers the possibility of 
detecting and measuring the tracer material 
whilst it is on the river- or sea-bed by using 
underwater gamma-ray detectors operated 
from a boat. Obviously this is a tremendous 
advantage, particularly when surveying a 
large area. 


Choice of Tracer 


In order that the movements of sand or 
silt shall be faithfully followed by the tracer 
material, it is desirable that: 


(a) It should behave exactly as_ the 
material being traced. 
The label, whether radioactive or 
otherwise, should remain firmly bound 
to the tracer material, and it should be 
impossible for this to wash or chip off 
the labelled material. 
For radioactive labelling, the activity 
of a particle should be proportional to 
its mass, indicating a bulk labelling 
rather than a surface layer of activity. 
The tracer should be detected on the 
sea- or river-bed, and the detector 
should be capable of recording over a 
reasonably large area to avoid statis- 
tical inaccuracies which would result 
from the detection of dispersed single 
particles. 


The choice of a radioactive tracer is princi- 
pally controlled by the requirements that 
the isotope should emit energetic gamma rays 
(preferably over 1 MeV) with a _ half-life 
suitable for the particular investigation, and 
that it should be possible to induce a high 
specific activity in the element. Table | 
gives a list of isotopes which might be useful 
for such tracer work. 

The methods to be described relate 
essentially to the movement of sand particles 
of various sizes. Although the problems 
involved in these two investigations are 
different and are treated separately, they 
have in common the requirement of pro- 


ducing an insoluble tracer which will 
simulate the movement of sand. 

The direct irradiation of sand generally 
yields only short-lived *4Si and *4Na, 
although some sands") have been found 
which contain sufficient phosphorus for this 
to be activated as 32P. This is not an ideal 
tracer, since the absence of gamma radiation 
means that samples have to be taken. 

As long ago as 1951, Dr. W. J. ARRot 
proposed the use of glass containing **Sc as 
a label to check the movement of beach 
sand,‘*) but the project was abandoned at the 
time. He showed that at least 5° by weight 
of Sc,O, can be dissolved in soda glass and 
is distributed uniformly through the glass. 
This was the method used for the investi- 
gations to be described: a boron-free glass 
was chosen, to avoid unnecessary neutron 
absorption in the reactor. 

Thus, when the glass is ground to the 
required particle size distribution, a tracer 
material is obtained which is_ physically 
similar to sand yet can be activated with 
46Sc at high specific activity by neutron 
irradiation. **Sc emits two gamma rays per 
disintegration with energies of 0-89 MeV and 
1-12 MeV. The half-life of eighty-five days 
makes it ideal for use in problems where it is 


TABLE | 


Spec. activity 

in a flux of | Gamma rays 
1011 n/sec/cm? | (MeV) 
for one week 


| Half-life | 


Element 


Scandium 85 days 39 mc/gm 0:89, 1-12 . 
Cobalt 
60Co 
Zinc 
657n 
Rubidium 
86Rb 
Silver 
110Ag 
Antimony 
124Sph 
Tantalum 
182Tq 
Barium- 
Lanthanum 
M0Ba/ 


5:3 years, 1-8 mc/gm 


250 days 100 


| 19-5 days 1-9 mc/gm 1-08 (20%) 


270 days 320 uc/gm 0-17 to 1-52 


60 days 0-95 mc/gm 0-21 to 2-0 


111 days | 6-9 mc/gm 0-07 to 1-22 


12-8 days Fission product 1-6 etc. 
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desirable to follow the activity for several 
months, and also permits a similar experi- 
ment to be carried out in the same area after 
the lapse of about a year. 

When such a tracer material is widely 
dispersed, the limit of detection may occur 
when the general level of activity is too low 
for accurate measurement, or alternatively 
when the statistical probability of finding 
one or more particles in the region assayed by 
the detector becomes small. It is desirable 
that the latter limit shall not be reached, 
since it will give rise to misleading results, and 
also artificially limit the use of the radio- 
active tracer. 

Ideally, the number of particles should be 
such that both limits are approached 
simultaneously, and this will be a function of 
the sensitivity and volume of assay of the 
detector. When using large multiple Geiger 
counter detectors, it is found that these ideal 
conditions can be approached if 10° equally 
sized particles are associated with about 
10 curies of activity. In practice, 
experimental restrictions on the weight 
of tracer may cause this figure to be 
modified. 


The specific problems investigated* were: 

1. The investigation of silt movements on the 
bed of the river in the Thames estuary: In order 
to keep the port of London open to shipping, 
about 3 million tons of mud is dredged from 
the river annually. This is several times the 
estimated quantity of silt carried into the 
estuary by upland waters and effluent. 
About } million tons is dumped on mud flats 
in the estuary, and the rest is taken out to sea. 
Mud thus deposited is known to disperse, and 
it was required to confirm a significant 
upstream movement of mud on the bed of 
the river, as expected from flow measure- 
ments and model experiments made by the 
Hydraulics Research Station. 

2. The investigation of sand dispersion under 
the sea: For this an area of flat sandy sea-bed 
off the south coast of England was used. 
It was hoped that the experiment would 
show the use and limitations of the method, 
and also the general direction and extent of 
sand movements off shore. 

These two problems, although similar, 
require different techniques of radioactive 
handling and detecting, and will be con- 
sidered separately. 


1. THAMES SILTATION INVESTIGATION 


(a) Choice of Tracer 


The choice of tracer material for the 
experiment in the Thames Estuary was 
governed by the four principles mentioned 
earlier. It was first necessary to find a 
physical form of material which would 
behave in a similar manner to the mud, 
which exists in two forms. One of these 
is fluid mud, a thin watery mud easily 
transported by currents or tide, and generally 
localized in mobile patches which can be 
identified from the river surface with echo- 
sounding apparatus. Where deposition is 
predominant, fluid mud is continuously 
settling to form consolidated mud, which is 
not moved by flowing water except under 
conditions of severe erosion. It is this mud 
which has to be dredged from the channel. 

A sample of fluid mud was examined and 


found to consist of aggregates in which 
particles of sand were enmeshed with hair 
and fibrous organic material. The organic 
material was removed with hydrogen per- 
oxide, leaving the particles of sand, and the 
size distribution of these was measured by 
settling tests. The median diameter was 
about 40 w. 

A sample of glass was ground to a similar 
size distribution, and comparative settling 
tests were carried out with irradiated glass 
mixed with mud (*1Si tracer, half-life 2-62 
hours), and with irradiated mud (#1Si tracer 
in the sand). It was established that the 
settling rates were very similar. 


(b) Injection Equipment 
It was required that the tracer material 
should behave exactly as ordinary mud from 


* Both experiments were made in collaboration with the Hydraulics Research Station, Wallingford, Berkshire. 
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the moment of injection, and that it should 
be released directly on the river-bed. In 
order to ensure that sufficient organic 
material was present to support the glass 
particles, the tracer was therefore mixed with 
about 50 kg of mud _ before injection. 
Because of the difficulty of screening the 
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chamber via the small lid shown in the figure. 
Several red and white table-tennis balls were 
also placed in the chamber to give surface 
indication of its opening under water. 
Finally, the radioactive glass was added. 
The active glass was stored in aluminium 
cans in two large lead pots until required. 


RELEASE 
MECHANISM 


Sanna 


FILLING 
APERTURE 


Fic 1.—Apparatus for mixing and injecting radioactive mud onto St river bed 
(Two notes on diagram showing (a) release mechanism, (b) filling aperture.) 


gamma rays from this large volume of radio- 
active material, the mixing was done on a 
boat immediately prior to injection, using 
remote control to reduce the exposure of 
personnel to a minimum. 

Fig. 1 shows the injection apparatus for 
the remote handling of the mixing operation 
at 8 ft distance. The apparatus consisted of a 
cylindrical chamber closed by lids at each 
end. These were secured by springs and 
could be opened when on the river bed by 
pulling the release wire. The water then had 
easy access to the mud in the chamber and 
could wash it out quite freely. 

When filling the apparatus, the two main 
lids were sealed with rubber gaskets and a 
sealing compound, and 30 to 50kg of 
inactive mud and water were tipped into the 


The lids of the pots were lifted with long rods 
and the can lids were unscrewed remotely. 
A tubular windshield was placed over the 
top of each can before pouring its contents 
into the chamber. After closing the chamber, 
it was rocked for about 1 min, and then 
swung outboard on the ship’s derrick and 
lowered to the river-bed. The release cable 
was pulled and, after the appearance of the 
table-tennis balls, the chamber was tipped by 
further pulling the release cable to clear any 
remaining mud. A few minutes later it was 
pulled up and hosed clean. 


(c) The Detection Apparatus 

Since the labelled mud was expected to 
move and settle close to the river-bed, some 
form of detector that could be dragged along 


= 
on | 4 
| 
| 
\ 


28 J. L. Putman and D. B. Smith 


the bottom was required. Gamma-ray 
Geiger counters were used in preference to 
scintillation counters because of their greater 
robustness, and the ease of constructing a 
detector which is sensitive over a large 
volume. 

Three detectors were constructed, each 
consisting of three low-voltage gamma-ray 
Geiger counters (type G24H), working at 
about 400V into a cold cathode-valve 
circuit. This operated a portable ratemeter 
(type 1292B), which gave a nearly linear 
response over a wide counting range. In 
order to extend this range further, it was 
arranged that two of the Geiger counters 
could be switched out of circuit, thus 
reducing the counting rate approximately 
by a factor 3. About 100 ft of screened 
multicore cable connected the detector to the 
ratemeter, and this was enclosed in rubber 
hose-pipe for waterproofing. Mechanical 
strength was provided by a length of Bowden 
cable in the hose-pipe, although this was not 
normally used for raising and lowering the 
detector. The counters were housed in a 
strong brass case with rubber ‘0’ ring seals, 
and were weighted with lead. 

For measurements, a detector was lowered 
on a cable from a davit amidships, and 
little strain was taken on the recording cable. 
When working in the current, a thin wire was 
led forward to the bows of the boat to keep 
the main lowering cable as nearly vertical as 


possible. 


(d) Experimental Procedure in the Preliminary 
Investigation 


The initial experiment®) was carried out 
in July 1954, with the object of establishing 
the validity of the method for tracing mud 
movements and obtaining as much informa- 
tion as possible on the movement of the mud, 
the “dilution” experienced by the tracer, and 
the technique of handling and detecting 
the labelled mud. In order to minimize the 
risk of losing the tracer completely, the 
injection was timed for slack low water, so 
that mud would be initially swept upstream 
by the flood tide. 

The tracer material was prepared by 
incorporating 5 g of scandium oxide in 100 g 


of soda glass, which was ground until the 
particle-size distribution was the same as 
that of sand in the mud. 85 g of the ground 
glass was irradiated in the Harwell pile for a 
period of four weeks in a neutron flux of 
1-2 x 101? n/sec/em?, and was allowed to 
decay for two weeks to eliminate the short- 
lived radioactive products. The glass was 
examined with mirrors in a remote handling 
cell, and it was confirmed that it had not 
sintered. The total activity was then about 
4 curies. 

On the boat used for injection, the derrick 
was attached to the mixing chamber so that 
the latter was left free to be rocked for mixing, 
and could be operated without anyone 
approaching nearer than 8 ft to the un- 
shielded activity. The boat was anchored at 
the point chosen for injection, and the 
mixing chamber, loaded as described earlier, 
was swung outboard and lowered below 
water. The whole operation from lifting the 
lids of the lead pots took only 24} min. No 
measurable radiological dose was recorded by 
either the films or pocket ionization chambers 
of the operatives. These were capable of 
measuring doses down to 0-01 réntgens. 

The activity was released on the river-bed, 
and the floating table-tennis balls recovered. 
The chamber was raised and hosed down and 
found to be only slightly active. There was 
no contamination on the boat except for a 
trace on the tarpaulin used under the mixing 
apparatus and lead storage pots. 

As soon as the injection had been com- 
pleted, a detector was lowered from another 
boat to trace the activity. On the previous 
day, background measurements had been 
made over a wide area and at various 
depths and showed only small variations 
at different points of the river. The 
background decreased with increasing depth, 
and had fallen at 30 ft to one third of its 
level on deck. 

The method of searching was to lower the 
detector to the river-bed with the boat 
drifting with the current. The instrument 
was dragged along the river-bed and timed 
readings were taken, and correlated with 
the depth and nature of the bed, as inter- 
preted from the echo-sounding equipment. 
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Positions were fixed by Decca navigator and 
by sextant. 

Little activity was located immediately 
after injection, but some hours later the 
main concentration was found to be lying in 
a newly dredged cut situated about half a 
mile upstream of the injection point. It 
was associated with a patch of fluid mud 
in the area. 

Further searches showed that fluid mud 
found upstream showed slightly higher 
readings than that of hard bottom, but as no 
background had been taken specifically in 
this mud, no conclusions could be drawn. 
No tracer was found downstream. The 
activity continued to stay in the newly 
dredged cut, and after about four days it was 
found to be consolidating. Measurements 
were discontinued after about two weeks, 
and at this time the activity in the area still 
gave readings well above background. 


(e) Large-scale Experiment 


The results and experience gained by this 
preliminary experiment could now _ be 
employed in the design of a large-scale 
experiment from which it was hoped to 
determine the movement of mud in the 
Gravesend area of the estuary, and to 
investigate whether mud from the lower 
reaches of the estuary could be carried up to 
points of accretion in the upper reaches 
near Barking. 

18 ¢ of Sc,O, was dissolved in 845g of 
glass, which was again ground and carefully 
graded to size-match the sand in the mud. 
This weight of glass increased the number of 
particles to a total of about 101° with sizes 
above 10 uw, which ensured that there would 
be no complications arising from statistical 
sampling by the detectors. This tracer 
material was irradiated for ten weeks in 
a neutron flux of 1-2 x 101 n/sec/cem?, and 
the total 4°Sc activity produced was 29 curies. 

The initial experiment had shown that 
there should be no areas of rapid accretion 
near the injection point, or much of the 
activity would stick there. Hence, dredging 
in Gravesend Reach was discontinued about 
one month before the experiment was 
carried out. If traces of activity were to move 
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far upstream, it was desirable to concentrate 
them so that identification might be more 
certain, and a cut was therefore dredged in 
Barking Reach, fourteen miles upstream 
from the injection point. 

The activity was to be injected off 
Tilbury Docks in mid-stream just after high 
water, and would initially be swept down- 
stream. Under these conditions, significant 
amounts of radioactivity would be found 
above the injection point only if a land- 
ward drift of mud occurred. 

An extensive background survey was 
made first, and showed that liquid mud gave 
readings slightly higher than average, and 
that some coaling jetties were almost up to 
twice normal background. Readings were 
taken at all points of interest and were 
subsequently used when interpreting the 
results. 

The injection of the activity took place in 
July 1955, using the same procedure as for 
the preliminary experiment. The highest 
radiological dose received by any of the 
operatives was 0-07 réntgens. Tracing was 
carried out initially from two boats, one 
covering the downstream search, and the 
other the upstream. 

The activity moved initially downstream, 
and was traced on the ebb tide for a distance 
of six miles. It was not possible to investigate 
beyond this point owing to the hazards of 
working in darkness in the estuary. 

At the second high tide following injection, 
activity was found associated with fluid mud 
as far as four miles upstream. The bulk of 
the activity settled in Gravesend Reach, as 
might be expected, since this is an area of 
accretion. 

As the search continued, the amount of 
activity found upstream gradually increased, 
and after seven days meter-readings up to 
twice background were found at the dredged 
cut at Barking, fourteen miles upstream. 

During the following month, the activity 
continued to increase upstream of the 
injection point, and to decrease below it, and 
readings of twice background were found 
over a wide area at Barking. Later surveys 
showed a steady decrease of levels of radio- 
activity, but four months later, local activity 
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at Barking was still almost twice background, 
although by this time much of the labelled 
material must have been buried deeply in 
the consolidated mud. The steady level of 
high readings obtained at Barking may show 
that the labelled mud was still being brought 
upstream from its original bed in Gravesend 
Reach. 

Fig. 2 shows the distance above and below 
the injection point where significant amounts 
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of activity were found at different times, 
and clearly shows the initial movement 
of the material upstream, and the final 
distribution of all the detectable material 
in the two mud reaches at Gravesend and 
Barking. 

A fuller discussion of the hydraulic 
aspects of these results will be found in the 
report on the experiment published by the 
Hydraulics Research Station. 


MUD REACHES 
AT BARKING 


8 sHoAL AREA AT 
8 1 GRAVESEND 


21 
TIME (DAYS AFTER INJECTION ) 


Fic. 2. Movement of radioactive tracer in the Thames Estuary. Points represent positions 
at which significant quantities of radioactivity were detected during the month after injection. 
(Notes on the figure as in accompanying sketch.) 


2. TRACING UNDERWATER SAND MOVEMENTS 


The study of the large-scale movement of 
sand offshore has long been restricted from 
the lack of a suitable tracer material. 
46Sc-labelled ground glass appeared to be 
suitable for such studies, and a preliminary 
small-scale experiment was carried out to 
obtain experience which could be applied to 
more general sand-movement problems. 

The area selected for the experiment was 
off the south coast of England where the sea 
was shallow and a flat sandy bed extended 
well out from the coast. The activity was to 
be placed on the sea-bed some 2000 ft 
from the shore. 

The particle sizes of natural sand in this 


area were up to 800 mu, with a median 
diameter of 180 uw. 84% by weight of the 
sand consisted of particles with diameters 
between 100 and 250 yu. 12% had 
diameters above 250 wu. 

For the tracer, about 2 curies of 4*Sc were 
used in 130 g of glass ground to simulate the 
sand-particle size distribution up to 250 yw. 
Larger particles were excluded because of the 
possibility (considered significant before the 
experiment) that the tracer material might 
be partially deposited on the beach. If this 
were to happen, the general activity would 
be spread over an area too large to constitute 
a general radiation hazard, but a large 
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particle remaining attached for some wecks 
to the human skin might have resulted in 
local erythema. It was considered that the 
exclusion of the 12% fraction of particles 
from 250 yw to 800 w would not greatly affect 
the validity of the tracer. 

The tracer thus consisted of about 2 x 107, 
particles with diameters between 100 w and 
250 uw, and from the statistical considerations 


of the sand occurs principally along the 
surface of the bed, and it was desirable to 
spread the tracer over an area which could 
be mapped by the detector, but which was 
still small compared to the migration of the 
sand. In view of the larger particle sizes, 
release on the bed was unnecessary and even 
undesirable. Release at a few feet above the 
bed was preferred, to allow the sinking 


Fic. 3. Sledge and waterproof detector, cut away to show the three Geiger counters. 


discussed above, a large detector was 
required, to measure over a large area of 
sea-bed. Low-voltage Geiger counters, type 
60H, 60cm long, were available, and a 
waterproof container housing six of these 
was made to operate through 60 ft of hose- 
pipe-covered cable into a ratemeter type 
1292B. A switch was incorporated so that 
either one or all the counters could be used, 
depending upon the level of activity being 
measured. The use of six counters proved to 
give unnecessarily high counting rates, and a 
second detector was made up using three 
counters. This detector was spring mounted 
on a heavy sledge (see Fig. 3), so that there 
was about 2 in. clearance between the sand 
and the detector casing. The sledge could be 
towed on 50 ft of chain in depths of up to 
20 ft of water at speeds up to about 2 knots 
without leaving the sea-bed. 


Injection 

Preliminary settling tests showed that the 
ground glass behaved similarly to natural 
sand. It was therefore unnecessary to mix 
the tracer with natural sand before injection, 
which simplified the operation. Movement 


particles to disperse and spread thinly over 
the bed. 

_ Injection was made just before low water, 
when the depth was 19 ft. It was done by 
breaking a glass ampoule, into which the 
tracer material had been sealed before 
irradiation, under water 8 ft from the sea-bed. 
On a boat over the injection point the 
ampoule was removed from a lead container 
and rapidly slipped into a long aluminium 
tube held vertically over the side of the boat. 
A sharp blow with a plunger crushed the 
ampoule against a steel bolt running across 
the lower end of the tube, releasing the 
tracer material. 

Owing to a slight current, estimated to 
between } and | knot, the radioactive glass 
particles were spread over an area about 
500 ft long by 100 ft wide. There is no doubt 
that size-sorting of the particles occurred 
during deposition, and for later tests release 
nearer to the sea-bed would be recommended. 


Survey 

A survey of background in the area prior 
to injection showed it to be constant. 

After injection, the activity was mapped 
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out by running the boat along a series of 
traverses set out by a shore-based theodolite, 
and fixing the position of the boat along the 
line by sextant angles. Subsequent surveys 
were carried out for some days, and showed 
little movement of the sand. One month 
later, and again four months later, surveys 


INJECTION 
POINT 


Conclusions 

It is established that glass, ground to 
conform with natural particle-size distri- 
bution, provides a reliable tracer for move- 
ments of natural sand of a large range of 
particle sizes and under widely differing 
conditions. 


N 


METRES 


Fic. 4. Distribution of radioactive tracer before and after south-east gales 
(the contours represent readings of twice background). 
Distribution of activity after one day. 
.... Distribution of activity after four months. 


were carried out after the coast had been 


subject to gales and heavy wave action. 
The results show that the movement of the 
sand was very limited. Fig. 4 shows contours 
which represent readings of twice back- 
ground on the day of injection, and after four 
months. The latter readings were corrected 
for decay, and represent the limit of certain 


detection. The amount of activity rises 
rapidly inside the contours, and even after 
four months, actual instrument readings of up 
to five times background were obtained. 
Both the amount of activity and the number 
of particles were quite adequate. 
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It has been found that a phosphoric-chromic acid mixture, which dissolves the oxide 
on aluminium surfaces, deposits a thin film on the aluminium by reaction with it but not 
by reaction with the oxide. Several factors affecting the thickness and uniformity of the film 
have been explored. When certain of these conditions are not encountered, it is thought that 
the amount of the film deposited in a unit of geometric area is proportional to the actual 
surface area of the specimen. Attempts have been made to prepare a “‘flattest possible” 
aluminium surface. The roughness factor or specific surface area of an aluminium surface 
may be determined, using radiochemical techniques, by comparing the amount of the film 
formed per unit of geometric area on a given sample with the amount of film formed per unit 


of area on a “‘flat’’ sample. 


Methode radiochimique pour la determination de la surface specifique 
des couches superficielles de l’'aluminium metal 


On a trouvé qu’un mélange d’acide chromique et d’acide phosphorique, qui dissout 
l’oxyde des surfaces d’aluminium, conduit a la formation d’une fine pellicule sur l’alu- 
minium par action sur le métal et non sur l’oxyde. On a étudié plusieurs facteurs qui 
affectent l’épaisseur et l’uniformité de la pellicule. Si certaines des conditions étudiées ne 
sont pas remplies, on pense que la quantité de film déposé par unité de surface géométrique 
est proportionnelle a l’aire réelle de la couche superficielle de l’échantillon. On a essayé de 
préparer une surface d’aluminium “‘la plus plane possible.”” Le facteur de rogusité ou l’aire 
spécifique de la surface d’aluminium peut se déterminer au moyen de méthodes radiochimiques : 
on compare la quantité de pellicule déposée par unité de surface géométrique pour un 
échantillon donné a la quantité déposée par unité de surface d’un échantillon “plat.” 


Paquoxumuyeckuit 
NOBepXHOCTH 


HaiigzeHo, uTO TOHKAA Ha aTIOMMHUM, OOpasyemaA 
CM€CbIO, OKUCh Ha MOBEPXHOCTAX, MOJyuaeTcA B pesyabTaTe 
paBHOMepHOCTS HeKOTOpbIe YCOBMA He TO 
HaCKOJIbKO BO3MO7KHO « » IlyTem 


33 


3 
5/57 
3 


John E. Lewis and Robert C. Plumb 


OCaKa Ha « » MO7KHO, C 
TOBCPXHOCTH 


Eine radiochemische Methode zur Bestimmung der spezifischen Flache 
von Aluminiumoberflachen 


Es wurde festgestellt, dass eine Mischung von Phosphorsaéure und Chromsaure das Oxyd 
an der Aluminiumoberflache lést und einen diinnen Film auf dem Aluminium bildet, der 
abhangig ist von der Reaktion mit dem Metall, nicht aber von der Reaktion mit der Oxyd- 
schicht. Mehrere Faktoren, welche die Dicke und Homogenitat dieses Films beeinflussen, 
wurden untersucht. Unter bestimmten Voraussetzungen kann angenommen werden, dass 
die Menge des pro Flacheneinheit abgelagerten Films der tatsachlichen Oberflache der 
Probe proportional ist. Versuche wurden angestellt, um die “‘glatteste’”? Aluminiumoberflache 
zu erreichen. Der Rauhigkeitsfaktor oder die spezifische Flache einer Aluminiumoberflache 
kan mit Hilfe radiochemischer Methoden bestimmt werden, indem man die Menge der pro 
Flacheneinheit abgelagerten Schicht auf der Oberflache der Probe mit der Menge der Schicht 
pro Flacheneinheit auf der glattesten Oberflache vergleicht. 


1. INTRODUCTION 


The quantitative study of surface reactions 
such as corrosion, electroplating, lubrication, 
adhesion of coatings, and, in fact, almost 
all phenomena involving metal surfaces, 
has been greatly hampered in the past 
because no simple, routine methods have 


been available for the determination of the 
actual areas of the interfaces involved. 
Many investigators have recognized the 
importance of the actual surface area 
involved, and reviews of surface chemistry" 
give many indications that the specific 
surface area is an extremely important 
but oftentimes subtle factor in determining 
the properties of a surface. It has been 
demonstrated that the adhesion of ceramic 
coatings on steel increases with increasing 
surface area;'2) that an increase in surface 
irregularities causes an increase in the 
frequency of pores in electrodeposited metal 
coatings,"?) and that the number of corrosion 
centres on a metal surface increase with 
the roughness,“ as well as with the surface 
area.) 

Terms which have become accepted in 
discussing surface areas of flat specimens 
are “roughness factor” and “‘specific surface 
area,” both of which refer to the ratio 
of the true surface area to the geometric 
surface area. It should be recognized 
that the definition of either of these terms 
is indeterminate when atomic dimensions 


are considered, since the true area of a 
surface layer of atoms is difficult to define. 
Further, true surface areas are unmeasurable 
for lack of such a definition and methods 
capable of such high resolution. The 
result of all surface-area measurements 
must be termed “‘apparent roughness factor”’ 
or “apparent specific surface area,” although 
this strict terminology will not be adhered 
to in the discussion to follow. 

Several techniques for measuring specific 
surface areas of metals have found limited 
application. The gas-sorption technique 
has been explored by Emmerr and 
others.'7& Gas sorption is _ limited 
primarily by the low sensitivity and the 
difficulty of weighing the small amount of 
gas adsorbed on relatively flat surfaces. 
Its application has primarily been to the 
determination of true surface areas of very 
thin metal foils. Rather large samples 
must be used in order to obtain sufficient 
sensitivity. has recently used 
sorption methods to study zinc metal surfaces. 
Roughness factors of 9 to 53 have been 
found on samples of chrome-plated steel‘ 
and roughness factors of from 7 to 606 have 
been found for the oxide surface on specially 
treated aluminium foils. 

The capacitance of aluminium capacitor 
foil for a given dielectric thickness is in 
proportion to the area of the oxide film 
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which is formed on it by anodic oxidation. 
It has been suggested 1 that a capacitance 
technique could be used for measuring 
surface areas of aluminium. Unfortunately, 
the capacitance measured is that of a 
several hundred angstrom-thick anodically 
produced oxide on the metal surface. The 
formation of this oxide will tend to smooth 
off or polish the surface under consideration, 
and that contribution to the roughness 
caused by protuberances smaller than several 
hundred angstroms high will be removed 
and will be undetected. 

Miwa") has employed electron diffraction 
from magnesium oxide smoke on a surface 
to indicate its roughness. Unfortunately, 
it is difficult to quantitatively relate the 
diffraction to the specific surface area. 

It might be anticipated that radioactive 
tracer techniques would be useful in deter- 
mining the specific surface area of metallic 
surfaces, since there are very few other 
physical-measurement techniques capable 
of such high sensitivity. Two schemes 
employing radioactive tracers have been 
described. GampBoa and Mappocxk"!®) have 
used tracers to study the rate of exchange 


of metal ions in solution with metallic 
oxides, and have interpreted their results 
as a measure of surface area. ERBACHER 
and and HERR") have at- 
tempted to determine absolute surface areas 
of metals by metal-ion adsorption, using 
radio-lead, radio-bismuth, and _ radio-polo- 
nium. They assumed that the ions were 
adsorbed as monolayers. Unfortunately, 
it was found that the pickup was sensitive 
to other factors, such as other ions present in 
solution, and autoradiograms revealed that 
the activity picked up was not distributed 
uniformly.” 

In the course of a radioactive tracer 
investigation of the nature of films left 
on aluminium surfaces as a result of etching 
treatments, we have found that an aqueous 
solution containing 5% H,PO, and 2% 
CrO, shows promise of being useful for the 
determination of the specific surface area 
of aluminium surfaces. When aluminium 
specimens are treated with it at 85°C, 
it dissolves oxide films on the surface but 
does not attack the aluminium at an 
appreciable rate.7® The solution is fre- 
quently referred to as a stripping solution. 


2. EXPERIMENTAL DETAILS 


Separate quantities of the stripping solution were 
prepared using’ radioactive phosphoric acid 
(Pt = 143d) and radioactive chromic acid 
(Cr®4#3, = 26-5d). The radioactive phosphoric acid 
was synthesized from neutron-irradiated KH,PO, 
by successively converting it to K,HPO, with 
potassium hydroxide, precipitating barium phosphate 
with barium nitrate, digesting the precipitate with 
sulphuric acid, and volatilizing the excess sulphuric 
acid. The purity and yield of phosphoric acid were 
determined by titration with potassium hydroxide. 
The specific activity was about 30 mc/g P. This 
specific activity was sufficient for measurements 
to be made for a period of two or three months 
after an irradiation at a flux of 5 x 104 n/cm?-sec. 
A_higher-specific-activity phosphoric acid could 
have been obtained by adding carrier-free P*, 
available as phosphate in weak hydrochloric-acid 
solution, to phosphoric acid, and evaporating to 
remove the hydrochloric acid. It is important that the 
chloride ion be entirely removed. The radioactive 


chromic acid was obtained by irradiating CrOg. 

The aluminium alloy specimens were 3-in. squares 
of 0-064-in. sheet, the size being chosen for counting 
convenience. After treatment in the radioactive 
solutions, the edges of the specimens were filed 
and the P*® radiation from one surface was measured 
with a standard end-window G—M detector. The 
5-keV X-rays emitted by the Cr®! were measured 
with a 1-cm thick sodium iodide scintillation detector 
having a 3-mg/cm? aluminium-foil window. 

The activity of a specimen was related to the 
amount of phosphorus or chromium present on its 
surface through standards prepared by evaporating 
an aliquot of the solution to dryness on an aluminium 
specimen of the same geometric area as the test 
specimen. 

Autoradiograms showing the distribution of 
radioactive material on a surface were prepared 
with 25-micron X-ray type No Screen emulsion, 
taking the precautions against artifact which have 
been described previously.” 
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3. OBSERVATIONS ON THE NATURE OF THE RESIDUAL FILM 


It has been commonly thought that 
the phosphoric acid in the stripping solution 
simply dissolves the oxide films, while 
the chromic acid inhibits the attack of the 
phosphoric acid on the metal surface by 
the formation of a chromium compound. 
The fact that a film is formed has not 
been definitely established, although such 
a film has been indicated by surface-resis- 
tance measurements* and corrosion investi- 
gations.* Unsuccessful attempts to detect 
a film by electron diffraction have been 
made.* ‘The failure of this method suggests 
that the film is extremely thin. 

By treating specimens with the stripping 
solutions containing either radioactive phos- 
phoric acid or radioactive chromic acid, 
it was found that there was indeed a 
measurable film left on the surface. Both 
phosphorus and chromium could be detected. 
Autoradiograms such as are shown in 
Figs. 5 and 6 revealed that not only could 
it be detected, but its uniformity could be 
determined. 

To determine the composition of the film, 
specimens of 99-998°, aluminium and 1100 
alloy were polished metallographically and 
anodized. It will be shown in a later 
section that this treatment gave the surfaces 
the smoothest finish which we have been 


able to obtain. They were then treated 
with the radioactive stripping solution. 
It was found that 0-23 + 0-01 wg of PO; 
were deposited per cm? and _ that 
0-39 + 0:09 ug of CrOy were deposited 
per cm?. The precision in measuring 
the radiation from the radioactive chromium 
was rather poor, but determinations on 
several samples checked within the counting 
precision. It was calculated that the atomic 
ratio of phosphorus to chromium in the 
coating is 0-85-+ 0-2. The composition 
of the film has not been characterized 
further. 

The quantities of phosphorus and chro- 
mium which are involved in the film are 
rather small. If we assume that the coating 
is a mixed aluminium chromate-phosphate 
and that it has a density similar to that of 
aluminium phosphate, then the results 
indicate that the film thickness is of the 
order of 10-20 A. 

The uniformity of the phosphate-chromate 
film, and further cursory observations that 
the amount of phosphate deposited in a unit 
of geometric area seemed to show a depen- 
dence on the mechanical process by which 
the surface was prepared, indicated that the 
film might be usefulin determining the specific 
surface area of metallic aluminium surfaces. 


4. FACTORS AFFECTING THE THICKNESS AND UNIFORMITY OF 
THE PHOSPHATE-CHROMATE FILM 


In order for the measurement of the 
amount of the phosphate film formed on a 
surface to be useful for determining specific 
surface areas, the film must be of constant 
thickness over the entire area of any parti- 
cular sample, and must have the same 
thickness on one sample as on another with a 
different surface condition. Further, the 
solution must not attack the specimen at an 
appreciable rate and cause either a roughen- 
ing or an increase in smoothness. 

The exploratory work on this method for 
determining specific surface areas has con- 
sisted of determining under what conditions 


* Unpublished results—Alcoa Research Laboratories. 


these requirements are satisfied. The experi- 
mental work is divided into several broad 
categories as follows: 


The Washing of Specimens After Treating with 
the Stripping Solution and the Solubility of the Film 

In some of our early work, a nonuniform 
distribution of radioactive material on 
surfaces was found to result from improper 
washing of the specimen after treating with 
the stripping solution. It was found that the 
nonuniform deposits of phosphate on a 
surface could be eliminated by transferring 
the specimens from the stripping solution 
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into a rinse solution of distilled water as 
rapidly as possible. Apparently, contact of 
the specimen, covered by a film of the 
stripping solution, with air for more than a 


From 15 to 60 min on the washing curve, 
a slight removal of radioactive phosphate was 
observed. This probably resulted from the 
dissolution of the phosphate-chromate film. 
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. 1.—Phosphate removal from treated specimens as a function of washing time. 


@ Mill finish, roughness factor = 3. 


© Abraded with No. 0 metallographic paper, apparent roughness = 14. 


few seconds caused the deposition of traces of 
material which were difficult to remove by 
subsequent washing. The effect of rinsing 
‘and washing treatments was investigated, 
giving the results shown in Fig. 1. Specimens 
were treated and then immersed in a beaker 
of distilled water, which was agitated with a 
magnetic stirrer. The water was changed 
after different intervals of time until a total 
washing time of two hours had been recorded. 
5 mg of carrier phosphorus was added to 
each water sample, which was then evapo- 
rated and counted. The curves indicate that 
under those conditions, a 15-min wash was 
sufficient to remove the radioactive stripping 
solution which was carried over when the 
sample was removed from the solution. 


3A 


The curve obtained from the specimen which 
had been abraded with metallographic 
paper gave a sharp increase at the end of the 
test. This was traced to corrosion of the 
specimen in the water. 


Formation of Film as a Function of Time and 
Temperature 

Investigation of the rate of formation of 
the film as a function of temperature is 
shown in Fig. 2. These curves were obtained 
by measuring the pickup of phosphate on 
specimens treated for different lengths of 
time with the stripping solution. The rate of 
film formation is  temperature-sensitive, 
but the film eventually builds up to an 
apparent thickness which is independent of 
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temperature in the temperature range of 
55°C to boiling. It is noteworthy that once 
the maximum film-thickness is reached, pro- 
longed exposure in the solution causes no 


which may be proposed in explaining why 
the apparent film-thickness levels off at a 
constant value and does not continually 
increase. One explanation is that the film 
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Fic. 2.—Formation of phosphate film as a function of time and temperature. 


A Boiling. @ 85°C. 
apparent change in the amount of phosphate 
per unit of geometric area. 

There are at least four processes which may 
influence the rate of formation of the film 
and the temperature-dependence of che rate. 
These are the rate of dissolution of the oxide, 
the rate of formation of film by the 
reaction of the solution with the aluminium, 
the rate at which the solution dissolves the 
film, and the rate at which the solution 
continues to react with the aluminium. 
The interesting rate-curves obtained are 
probably explicable in terms of some com- 
bination of these four processes. Our present 
knowledge of the mechanisms involved is not 
adequate to satisfactorily and uniquely 
explain them. 

There are two reasonable explanations 


reaches a thickness which is determined by a 
secular equilibrium between the rate of 
dissolution of the film by the solution and the 
rate of reaction of the aluminium to form 
fresh film. If this were correct, the film- 
thickness would be insensitive to the tempera- 
ture only if the rates of the two competing 
reactions showed approximately the same 
temperature-dependence. An _ alternative 
explanation is that the film-thickness is 
controlled by the ability of aluminium ions 
to move through the phosphate-chromate 
film to the solution and react with it in a 
manner analogous to that process which 
limits the growth in the thickness of natural 
oxide on aluminium, and causes the depend- 
ence of thickness on voltage during the 
application of barrier-type anodic oxide 
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coatings. It may be expected that, if the 
ease of moving aluminium ions through the 
phosphate-chromate film controls the thick- 
ness, it would also be temperature-dependent. 


Rate of Attack on Aluminium 


One experiment has been devised which 
aids in distinguishing between the alternative 
mechanisms proposed in the preceding 
section and gives a measure of the rate at 
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MINUTES IN INACTIVE STRIPPING SOLUTION 
Fic. 3.—Removal of radioactive phosphate-chromate 


film by treatment with inactive phosphoric-chromic 
acid stripping solution at 85°C. 


which the aluminium is dissolved. Specimens 
were treated with the radioactive stripping 
solution at 85°C for 5 min, and the amount of 
radioactive phosphate on the surface was 
measured. ‘They were then treated for 
different periods of time in a_nonradio- 
active stripping solution. The activities 
were measured, and the curve shown in 
Fig. 3 was obtained. There are two mecha- 
nisms by which the activity in the original 
film may be reduced. One method is by the 
continuous dissolution of the film, suggested 
previously. The second method is_ by 
isotopic exchange between the radioactive 
film and the nonradioactive solution. The 
shape of the curve obtained indicates that 
an exchange process is responsible for the 
reduction of the activity. Even if it is not 
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correct to associate the reduction of activity 
with exchange, then one may conclude that 
less than half of the film is replaced by a new 
film in 10 min. If we assume that the film is 
20A thick, and that the reduction in 
activity is caused by the formation of new 
film from the aluminium, then the dis- 
solution of the aluminium takes place at no 
more than 2 A per minute. The actual rate 
of dissolution is probably less. 

If there are present in the alloy large 
amounts of alloying constituents, the solution 
might attack the aluminium more rapidly. 
This has not been investigated. If, in the 
presence of alloying constituents, the film 
does not block further attack on the specimen, 
then etching will take place and the surface 
will be changed as a result. 


Dependence of Film-thickness on the Amount of 
Aluminium Oxide on a Surface 


In order to determine whether or not the 
phosphate-chromate film-thickness was sensi- 
tive to the amount of oxide initially on a 
specimen, a series of samples were polished 
by usual metallographic procedures, and 
anodically oxidized in a 3°, sodium-tartrate 
electrolyte to produce aluminium oxide 
coatings ranging from a minimal thickness 
up to 2100 A. The oxide was formed in 
30-V steps to 150 V, as shown in column | of 
Table 2. If, as might be expected, the 
phosphate-chromate film was deposited as a 
reaction product from dissolution of the 
oxide, then the thickness of the film might be 
expected to increase in some type of pro- 
portion to the amount of the oxide which was 
on a specimen. It was observed, in fact, 
that the amount of film deposited did not 
increase, but actually decreased slightly 
with an increase in thickness of the anodic 
oxide coating. This indicates that the film is 
formed as a direct reaction product of the 
stripping solution with the aluminium metal 
rather than as a reaction product with the 
oxide film on the surface. It is valuable 
information, since it demonstrates that, at 
least under these conditions, the thickness of 
the film is not directly sensitive to the 
amount of oxide on a surface. 


Another investigation was performed 
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mechanism of the film formation, and 
reveals an interesting fact relating the 
presence of oxide on a surface to the thickness 
of a film. Three sets of specimens were 
prepared. One set was given an Alodine- 
100* treatment, which roughens a surface 
and deposits a thick layer of oxide on it. 
Another set of specimens had a mill-rolled 
finish. These specimens would have an 
oxide film created by standing in the 


* American Chemical Paint Company. 


third set of specimens were treated with a 
commercial preparation of phosphoric acid 
called Deoxidine.* This treatment dissolves 
the existing oxides on a surface and has a 
smoothing and brightening effect. The 
dependence of the apparent thickness of the 
phosphate-chromate film on time was deter- 
mined for the specimens. The results are 
shown in Fig. 4. The amount of phosphate 
on a surface decreased rapidly during the 
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initial stages of the treatment and then 
levelled off. There is an obvious corre- 
spondence between the initial height of the 
curves and the amount of the initial film 
thought to be on a specimen, indicating that 
during the initial dissolution of the oxide and 
before it is complete, a rather large amount 
of phosphate is adsorbed on the oxide. The 
film-thickness probably does not reach a 
constant value until all of the oxide has been 
dissolved. 

Another interesting result was obtained 
from this study. The coating resulting from 
an Alodine-100 treatment would not dissolve 
in the stripping solution if allowed to stand 
for several hours before stripping. Samples 
which were allowed to stand for long periods 
of time before being treated with the 
stripping solution gave a relatively high 
apparent film-thickness of phosphate, again 
reflecting the fact that large amounts of 
phosphate are adsorbed on the oxide. 

The presence of slowly-soluble high- 
temperature forms of aluminium oxide such 
as corundum, or inhibitors such as chromium 
compounds on a surface, may be expected to 
cause a film deposition, the apparent 
thickness of which is not in proportion to the 
surface area. 


Dependence of Apparent Film-thickness and Uni- 
formity on Alloying Constituents in the Aluminium 


In order to determine whether or not the 
film-thickness and its uniformity was sensitive 
to the amount of alloying element in the 
aluminium, a series of seven alloy samples 
were polished metallographically and treated 
with the stripping solution. The amount of 
radioactive phosphorus deposited on the 
surface was determined and its distribution 
was measured. It is seen (third column of 
Table 1) that approximately the same 


amount of film was formed on each specimen. | 


Autoradiographic examination of the distri- 
bution revealed no clearly defined non- 
uniformity. Some of the alloys studied 
contained very large amounts of alloying 
constituents such as copper, magnesium, 
chromium, etc. It was concluded that 
alloying constituents present in the alumi- 
nium structure have a small and perhaps 


negligible effect on the uniformity and 
apparent thickness of the film. 


Dependence of Film-thickness and Uniformity on 
Alloying Elements Present in the Oxide 


It was found that alloying constituents 
present in the oxide on a surface may 
cause a nonuniform film deposition. For 
example, a metallographically polished sur- 
face of 2024-T3 alloy (containing about 
4-5°% copper) gives about the same film- 
thickness as a metallographically polished 
specimen of high-purity aluminium, as 
shown in Table 1. However, after being 
anodized (fourth column, Table 1) the 
film-thickness is about three times as great as 
that on high-purity aluminium. Autoradio- 
grams prepared from specimens of 2024 
alloy which were, in one case, polished, and 
in the other case polished metallographically 
and then anodized, are shown in Fig. 5. 
They reveal that the distribution on the 
polished surface is uniform, whereas the 
film on anodized 2024 alloy is nonuniform, 
with dark regions which may be associated 
with constituent. 

The effect of alloying constituents in the 
oxide may be observed on surfaces which 
have had customary fabrication procedures. 


Taste 1.—Comparison of phosphate films produced* 
on three different surfaces of aluminium alloys. 


| | Polished 
Mill- Metallo- and 
finished graphically anodized 


sheet polished (2100-A 
barrier 


oxide) 
/cm® POY /cm? pug /cm® 
(geom.) |  (geom.) (geom.) 


High-purity 
Al 


(99:998%) | 0-53 + 0-02 | 0-28 + 0-01 | 0-25 + 0-01 
1100-H18 | 0-49+0-01 | 0:27 + 0-02 | 0-23 + 0-01 
3003-H18 0-46 + 0-:29+ 0-02 0-25 + 0-01 
2024-T3 0-92 + 0-09 | 0:32 + 0-02 0-74 + 0-09 
6061—T6 | 0-73 + 0-01 | 0:26 + 0-01 0-23 + 0-01 
7075-T6 | 0-85 + 0-01 | 0-29+ 0-01 0-01 
7075-—W 1-08 + 0-06 0-31 + 0:03 0-29 + 0-07 


* Treated 5 min in stripping solution at 85°C. 
+ Aluminum Association standard alloy designations. 
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For example, 7075—T6 sheet, which has had 
a mill-finish rolling operation, gives a non- 
uniform film, as shown in Fig. 6. The same 
alloy, when polished metallographically, 
gives a uniform film of thickness comparable 
to that on high-purity aluminium. 


Dependence of Film-thickness on Roughness 


We have not been able to devise any 
experiments which would serve to demon- 
strate whether or not the actual film- 
thickness (in distinction to the amount of 
PO, per unit of geometric area) depends on 
the roughness. It may be expected that 
there will be purely geometric effects, e.g. in 
a concave depression on a_ surface the 
radius of curvature of the film must neces- 
sarily be less than the radius of curvature of 
the metal surface, so that the average 
film-thickness in the depression will be less 
than that which would be obtained on a 
plane surface. Similarly, the amount of film 
formed on a convex surface, divided by the 


true surface area of the convex surface, will 
yield a film thickness which is greater than 
that obtained on a plane surface. 

In addition to these geometric effects, 
there may be effects related to the high- 
surface energies of rough surfaces. The 
interfacial surface energy at the film- 
aluminium interface will be different from 
that of the oxide-aluminium interface. This 
difference may be great enough to noticeably 
round off the protuberances and cause a 
serious reduction in surface area of the 
aluminium when the specimen is placed in 
the stripping solution. 

To summarize, it has been found that 
the amount of the phosphate-chromate film 
formed per unit area has a constant thickness, 
and the film is uniform on a surface except 
under certain well-defined circumstances. 
Two important factors which may cause 
nonuniformity are insolubility of coatings 
and the presence, in the oxide, of large 
amounts of alloying elements. 


5. THE THICKNESS OF THE FILM FORMED ON A FLAT SURFACE 


With the exceptions pointed out in the pre- 
vious section, the amount of the film formed 
per unit of geometric area onagiven specimen 
may be determined readily. In view of the 
uniformity of the film and constancy of its 
thickness, the determined amount of film will 
be in proportion to the specific surface area of 
the specimen. In order to relate the observed 
amount of film to the specific surface area, it 
is necessary to know the amount of the film 
which is formed on a flat surface. 

The most readily obtainable flat surfaces of 
aluminium are by metallographic polishing. 
A procedure similar to that described by 
KELLER"®) was employed. Sheet specimens 
were abraded on successively finer grits of 
metallographic paper, then with an aqueous 
slurry of No. 600 Alundum flour, and then 
were polished with a paste of magnesium 
oxide. As shown in Table 2, this sequence 
gave a final surface with a film containing 
0-31 wg of PO; per cm? of geometric area. 


Footnotes to table. 

* Counting error 1%. 

+ No. 1 reflector sheet-alloy designation 1130. 

} Barrier-type anodic coating, 3°%% sodium tartrate 
electrolyte. 

§ 10 min in 3% fluoboric-acid electrolyte. 


Tas_e 2.—Study of steps in obtaining “‘flat’’ specimens 


Roughness 
factor 
_ (unit area = 


| pg POG /cm** 


Surface (geom.) 


preparation 


0-23 
Sample 1 Sample 2 PO; 


1100-H18 sheet 
aluminium 
0-78 0-63 


Mill-rolled 
0:23 | 0:26 


Bright-rolledt 

No. 600 Alundum 
flour 

MgO polished 

MgO + 30V 
oxidet 

MgO + 60 V 
oxide? 

MgO + 90 V 
oxide? 

MgO + 120 V 
oxidet 

MgO + 150 V 
oxide? 

MgO + electro- 
polished § 


0-47 
0-32 


0-51 
0-31 


0-33 0-29 


0-27 
0-24 


0-24 0-22 


0-22 0-23 


0-29 0-29 
High-purity alu- 
minium (99-998°% ) 
MgO polished 0-28 0-31 
MgO + electro- 
polished § 


0-28 0-26 


VOL. 
956/5° 
cm2 
3-1 
1-07 
| 1-37 
1-35 
0-25 
1-13 
0-24 
1-04 
1-00 
0-98 
1:26 
«1-28 
1:17 


(a) 


Fic. 5.—Autoradiograms showing nonuniform distribution of P32 in POs — CrOs 
film formed on 2024-T3 aluminium alloy as a result of alloying constituents in the 
oxide film. 


(a) Metallographic polish (MgO) 
(b) Metallographic polish + 2100 A anodic oxide 


(a) (b) 


Fic. 6.—Autoradiograms showing uniform and nonuniform distributions of radio- 
active P®?? in POs — CrOs film on aluminium-alloy specimens. 


(a) 1100—H18 alloy Ne. 600 alundum flour. 
(b) 1100—H18 alloy metallographic polish (MgO). 
(c) 7075—T6 alloy mill finish. 
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Fic. 7.—Photomicrographs at 100 of surfaces with measured roughness factors. 


(a) Electropolished (10 min in 3°, fluoboric acid); roughness factor = 1-2. 
(b) Abraded with slurry of No. 600 alundum flour; roughness factor = 2:1. 
( 


c) 2-min ‘“‘Alodine-100”° treatment; roughness factor = 7-4. 


Fic. 8.—Autoradiograms showing distribution of radioactive P®? in POs — CrO« 
film formed on 1100-H18 aluminium-alloy specimens abraded on_ successive 
metallographic papers. 


(a) No. 120 emery paper. 

(b) No. 240 emery paper. 

(c) No. 0 metallographic paper. 
(d) No. 2/0 metallographic paper. 
(e) No. 3/0 metallographic paper. 
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Two procedures were tried to obtain a 
flatter surface. In one case, specimens which 
had been polished metallographically were 
electropolished by a 10-min treatment in a 
3%, fluoboric-acid electrolyte. This pro- 
cedure gave rather variable results. With 
some alloys, it caused a slight reduction in the 
amount of phosphate picked up per unit of 
geometric area, while in other cases it 
actually increased the amount of phosphate 
picked up and the apparent roughness. The 
minimal amount of phosphate per unit of 
geometric area was obtained by applying 
barrier-type anodic-oxide coatings to speci- 
mens which had been given a metallographic 


6. THE DETERMINATION OF 


The procedure then, for determining the 
specific surface or roughness factor of a 
sample of aluminium, is simply to determine 
the amount of phosphate film formed on its 
surface per unit of geometric area and divide 
the observed value by the amount of film 
formed on a flat surface. 

There are two general techniques which 
should, in general, be utilized in checking the 


validity of any surface-area determination. 
First of all, it is desirable to ascertain that 
the film is indeed uniform. The only 


polish, as shown in Table 2. The polishing 
action in applying a barrier-type anodic 
coating results from the tendency for the 
oxide thickness to increase to the point 
where there is a constant voltage gradient of 
about 0-07 V/A between the anodizing 
solution and the oxide-metal interface. 
A 150V_ oxide coating (2100 angstroms 
thick) resulted in a film containing 0-23 ug 
of PO; per cm? of geometric area. This was 
almost a 30% reduction over the amount 
formed on a specimen which had_ been 
polished by usual metallographic techniques. 
It represents the flattest aluminium surface 
we have been able to obtain. 


SPECIFIC SURFACE AREAS 


available technique for doing this is auto- 
radiography. Unfortunately, the resolution 
of autoradiography is limited to a few 
microns, and autoradiographic study can 
show only that the film is uniform to that 
resolution limit. Similarly, it would seem 
desirable to investigate the pickup versus 
time, in order to be certain that the 
stripping solution has dissolved the pre- 
vious film which is on a specimen and 
that the film has reached a _ constant 
thickness. 


7. A FEW EXAMPLES OF SURFACES AND THEIR ROUGHNESS 


Table 2 contains several examples of 
surface finishes for which roughness factors 
have been determined. A particular mill- 
rolled sheet specimen of 1100 alloy was 
found to have a roughness factor of 3-1. 
Other mill-rolled specimens have been found 
to have roughness factors as low as 1:8. A 
bright-rolled sheet designated Alcoa No. 1 
Reflector Sheet was found to have a 
roughness factor of 1-07. A specimen which 
had been ground with a slurry on No. 600 
Alundum flour had a roughness of 2:1. 
Other surfaces obtained by grinding with 
No. 600 Alundum flour have had roughness 
factors as low as 1:7. Photomicrographs of 
several typical surfaces are shown in Fig. 7. 
One has been ground with No. 600 Alundum, 
one has been polished with magnesium oxide 
and then electropolished under the conditions 
given in Table 2, and one had been given 


the 2-min Alodine-100 treatment described 
previously and stripped immediately. 
One field where the knowledge of surface 
area is of direct practical importance is in 
the etching of aluminium capacitor foil. 
The capacitance of an anodized foil may be 
taken as a measure of its surface area. 
A quantity of capacitor foil bearing a 2100-A- 
thick oxide coating was found to have a 
capacitance ten times that of a similar foil 
which had been anodized but which had not 
been specially etched to develop a_ high- 
surface area. The unetched foil, of unit 
capacitance, was found to have a roughness 
factor of 1-22, whereas the etched foil of high 
capacitance had a roughness factor of 16-3. 
The specific surface areas of the two foils 
were in the ratio of about 13-1, in 
approximate agreement with the capacitance 
measurements. Quantities of the etched 
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foil which had not been anodized had a 
roughness factor of 34, again illustrating the 
polishing action of anodic oxidation. 


TasLeE 3.—Apparent roughness of sheet aluminium 
(1100-H18 alloy) after abrading with various metallo- 
graphic papers 


Roughness 
factor 
(unit area= 
: 0-23 
Sample 1 Sample 2 | PO; /cm? 


ug PO (geom.) 
Surface 
preparation 


No. 120 Aloxite 
Cloth 0-68 + 0-01*, 0-68 +- 0-01 | 
No. 240 Aloxite 
Cloth 
No. 0 Paper 
No. 2/0 Paper 
No. 3/0 Paper 


0-78 + 0-01, 
2-39 + 0-03, 
3-90 + 0-06 | 

4-42 + 0-06. 


| 


0-76 + 0-01 
1-86 + 0-03 
4:17 + 0-06 


4-75 + 0-07 19-9 


* Error is based on counting accuracy. 


Among the surface treatments which we 
have investigated are those surfaces obtained 
by abrading specimens with various grades 
of metallographic paper. The results are 
summarized in Table 3. We feel that there is 
some uncertainty in the results, but have 
not been able to resolve the question. 
Abrading the surface with successively finer 
grits of metallographic paper caused an 
apparent increase in the roughness of a 
specimen. The reversal between the fineness 
of the grits and the roughness is not, in 
itself, sufficient justification for not accepting 
the results, since, although the peak-to-peak 
distances involved in the roughness certainly 
become less as a finer grit is used, the 
surface area will not necessarily behave in a 
similar manner. The values are open to 
question, however, because of the possibility 
that particles of the abrasive grits were 
imbedded in the surface. These particles, 
which would not dissolve readily in the 
stripping solution, would result in an 
apparently high roughness factor. It is 
possible when grinding aluminium samples 
on metallographic paper to detect seizure, 
and to see residual stains on a specimen after 
treatment with the stripping solution, which 
result from the abrasive grit being imbedded 
in the surface of the specimen. The metallo- 


graphic papers were lubricated with a very 
small amount of kerosene. No tendency for 
seizure was noted and no staining was 
observed on the specimens after being 
stripped. Autoradiograms showing the distri- 
bution of radioactive material on the 
surfaces of the specimens are shown in Fig. 8. 
It is seen that the distribution is uniform on 
the coarser grades of cloth, but is non- 
uniform on the specimens which were 
abraded on the three finest metallographic 
papers. The nonuniformity may be a result 
of imbedded grit, although it may simply be 
nonuniform roughness. 

It has been observed”) that abrasion 
of metal surfaces develops a layer of fractured 
crystallites which are chemically more active 
than the base metal. It is possible that this 
results in a thicker than usual phosphate- 
chromate film. 

One experiment has been performed which 
appears to confirm the high-surface areas of 
specimens which have been abraded on the 
finer grits of metallographic paper. A 
comparison was made of the electric charge 
required to produce successive 30-A-thick 
steps of oxide on the surfaces of specimens 
abraded on No. 0 metallographic paper and 
on flat surfaces obtained by the usual 
metallographic polish. The anodizing was 
done in a 3% tartaric-acid electrolyte 
adjusted to a pH of 5-5 with ammonium 
hydroxide. The measurements of the 
currents involved were not precise, because 
the leakage currents on the specimens 
treated with No. 0 paper were excessively 
high. The best estimate obtained indicated 
that it took more than ten times the amount 
of electric charge per unit area to anodize 
the rough specimens as it did for the smooth 
specimens, and probably as much as thirty 
or forty times as much. No correction was 
made for gas evolution at the anode. The 
high-leakage current was, in itself, an 
indication of a high-surface area. 
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Liquid scintillators are organic solutions which emit light in their interaction with 
ionizing radiation. The spectral distribution of this light is characteristic of the secondary 
solute, although vital energy degradation and transfer roles are assumed by the solvent and 
primary solute. In a liquid-scintillation detector the emitted light is collected at the cathode of 
a photomultiplier. Photoelectric conversion, electron multiplication, pulse amplification, 
sorting, and data presentation steps follow. Photon collection is a complex process consisting 
of reflection, scattering, and irreversible absorption. 

Liquid scintillators are evaluated by measurement of such properties as relative current, 
relative pulse height, decay-time, fluorescence spectrum, and absorption spectrum. The best 
solvents are alkylbenzenes and the most efficient solutes are polyarlys such as p-terpheny], 
2,5-diphenyloxazole (PPO), 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD), and 1,5-di- 
[2-(5-phenyloxazolyl) |-benzene (POPOP). 

Liquid scintillators have an array of characteristic properties unmatched by any other 
variety of scintillator. These include inexpensiveness, ease of preparation, unlimited size or 
shape, high transparency, short decay-time, and ability to incorporate counting samples or 
neutron-capture solutes by dissolution or suspension. 

Liquid-scintillation detectors divide into two basic types: small-volume (with contained 
sample) and large-volume (with separate sample). Small-volume detectors have fast 
coincidence circuitry because of their primary application in H? and C™ determinations, 
although many more-energetic beta and alpha emitters have been successfully counted. 
Different solvent systems allow homogeneous counting of a great variety of compounds. 
Suspension counting provides for the insoluble compounds. An internal standard is used to 
correct for quenching and to establish the disintegration rate of the sample. 

Large-volume detectors use many photomultipliers but simple circuitry. The external source 
modification is useful for general considerations of geometry and for high-energy gamma 
resolution by multiple Compton scattering. Studies of ~ mesons, neutrons and neutrinos 
have been carried out. The internal source modification is oriented to surround the sample, 
giving almost 47 coverage in studies of body retention of gamma emitters in mice, rats, 


monkeys, dogs, and humans. 
Liquides a scintillation: Proprietes et applications 


Les liquides a scintillation sont des solutions organiques qui émettent de la lumiere dans 
leur interaction avec les radiations ionisantes. La distribution spectrale de cette émission 
est caractéristique du soluté secondaire, bien qu’il y ait essentiellement degradation d’énergie 
et mécanisme de transfert entre le solvant et le soluté primaire. Dans un compteur a scintil- 
lation liquide, la lumiére émise frappe la cathode d’un photomultiplicateur; viennent ensuite 
la conversion photoélectrique, la multiplication électronique, l’amplification des impulsions, 
la sélection et la présentation des données. La capture du photon consiste en un processus 
complexe de réflection, de diffusion et d’absorption irréversible. 

On étudie les liquides a scintillation en considérant des propriétés telles que le courant 
relatif, la hauteur relative de l’impulsion, la période d’extinction, les spectres de fluorescence 
et d’absorption. Les meilleurs solvants sont les composés aliphatiques du benzéne et les 
solutés les plus efficaces sont des composés aromatiques a plusieurs noyaux tels que le para- 
terphényl, le 2,5-diphényloxazole (PPO), le 2-phényl-5-(4-biphény]) 1 ,3,4-oxadiazole (PBD) 
et le 1,5-di-(2-(5-phényl-oxazoly]) )-benzéne (POPOP). 
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Les liquides a scintillation ont un ensemble de propriétés caractéristiques qu’on ne retrouve 
pas dans les autres types de scintillateurs. Ils sont bon marché, faciles 4 préparer, de formes 
et de tailles non imposées, de grande transparence; ils ont une période d’extinction courte et 
offrent la possibilité de leur adjoindre par dissolution et par suspension des échantillons a 
compter ou des solutés capteurs de neutrons. 

Les détecteurs a scintillation liquides se classent en deux catégories distinctes: de petit 
volume avec l’échantillon incorporé et de grand volume avec l’échantillon a part. Les 
détecteurs de petit volume ont un circuit de coincidence rapide d’ot leur application premiére 
dans les déterminations de H® et C4, bien qu’on les ait utilisés avec succés pour de nombreux 
émetteurs alpha et béta de plus grande énergie. Différents systeémes de solvants permettent 
un comptage en milieu homogéne d’une grande variété de composés. Le comptage en sus- 
pension convient pour les composés insolubles. On utilise un étalon intérieur pour tenir 
compte de l’extinction de la fluorescence et pour établir les vitesses de désintégration de 
l’échantillon. 

Les détecteurs de grand volume ont de nombreux photomultiplicateurs, mais un seul 
circuit. Le modéle compreneant la source a |’extérieur est intéressant pour des considérations 
générales de géométrie et pour la détermination des gamma hautement énergétiques par 
diffusion Compton multiple. Ainsi ont été éffectuées des études sur les mésons les neutrons 
et les neutrinos. Le modéle comprenant la source a l’intérieur du détecteur est utilisé quand 
on veut entourer |’échantillon et permet d’étudier presque sous un angle de 47 le rétention 
par l’organisme des émetteurs gamma, chez les souris, les rats, les singes, les chiens et les hommes. 


ABJIAIOTCA OpraHuMeCKHe PacTBOPbI, KOTOPbIe 
aTOrO CBeTa XapaKTepHO JIA BTOPHYHOLO PacTBOPeHHOrO BellleCTBa, XOTA TiaBHaA 
HOMY BeulecTBy. B jleTeKTOpe CBeT Ha 
YMHOKEHHE, MMITYIbCOB, UX OTOOP perucTpanuA. 
(OTOHOB C KaTOJOM Mporecc, OTpaKeHue, paccesHue 
M HeoOpaTHMoe cBeTa. 

TAaKMMM CBOUCTBAMH Kak TOKA, 
aMILIMTYa BpeMA 3aTYXaHMA, CHeKTp CHeKTP 

pacTBOpHTeAMM ABJIAIOTCH a HAMOOee AKTHBHBIMM PacTBOp- 
BeIeCTBAMM KAK-TO : 2,5 (PPO), 2-(penua- 
(PBD) u |-6ex301 (POPOP). 

PALOM XapakKTepHbIX MpeHMYI[eCTB, KOTOPbIX He 
MMeIOT [[PyrHe : MpocToTa 
pa3Mepbl WIM (OpMa, BbICOKAH KOPOTKHe 3aTYXaHUA BO3MO7KHOCTH 
3aXBaTOM HeiITPOHOB. 

eTeKTOPHI Ha 2 OCHOBHBIX THMa: Maloro OObeMAa 
(C B OOpa3loM) u OObeMa (C BHE 
qetektopa). JlerekTropbl 0ObeMa MMeWT CXeMY C 
Tak Kak UX H* Cl, xora 
aHeprun. CUCTeMBI MO3BO.IAIOT U3MePATh AKTHBHOCTH 
B yCJIOBMAX roMoreHHOrO pacTBopa. HepactBopumpre 
BellecTBa CYMTAIOTCH B cycneH3nii. NMOMpaBoK Ha 
CKOpOCTH paciaya OOpasija IpMMeHAWTCA BHYTPeHHHe 

B caryyae Ooubmoro OObeMa TIPUMeHACTCA (pPOTOYMHO- 
HO CXeMa UX Mpocta. BHeEMIHHM MCTOUHUKOM M3 COOOpa- 
TeOMeTPUM M C TOUKH 3peHHA BbICOKOM dHeprun 
p-Me30HOB, HeiirpoHoB u HelirpuHo. BYHTPpeHHUM MCTOUHMKOM, 
B OpraHu3Me BelllecTB y KpBIC, 
o6e3baH, coOak M pacuuTraHa Ha TO, 4TOOBI OOpasell OBL OKPy7KeH jleTeKTOPOM 
CO BCeX CTOPOH. 
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Fliissige Szintillatoren: Eigenschaften und Anwendungen 


Fliissige Szintillatoren sind organische Lésungen, die zufolge ihrer Wechselwirkung mit 
ionisierender Strahlung Licht emittieren. Das Spektrum dieses Lichtes ist charakteristisch 
fiir die sekundare geléste Substanz, obwohl die ausschlaggebende Energieverminderung 
und -iibertragung dem Lésungsmittel und der gelésten Hauptsubstanz zugeschrieben werden. 
Das emittierte Licht wird auf der Kathode eines Photoelektronenvervielfachers gesammelt. 
Hierauf erfolgt photoelektrische Umwandlung, Elektronenvervielfachung, Impulsverstarkung, 
Diskriminierung und Registrierung. Die Sammlung der Photonen ist ein komplexer Vorgang, 
der sich aus Reflexion, Streuung und irreversibler Absorption zusammensetzt. 

Fliissige Szintillatoren werden nach folgenden Eigenschaften bewertet: relativer Strom, 
relative Impulsgrésse, Abklingzeit, Fluoriszenz- und Absorptionsspektrum. Die geeignetsten 
Lésungsmittel sind Alkylbenzole, am wirkungsvollsten als geléste Substanz sind Polyaryle, 
wie z.B. Paraterphenyl, 2,5-Biphenyloxazol(PPO), 2-Phenyl-5-(4-Bipheny]l)-1,3,4-Oxadiazol 
(PBD) und 1,5-Bi[2-(5-Phenyl-Oxazy]) ]-Benzol (POPOP). 

Fliissige Szintillatoren haben eine Reihe von Eigenschaften, die sie gegeniiber anderen 
Szintillatorsubstanzen iiberlegen machen. So sind sie z.B. billig, leicht herstellbar, unab- 
hangig von Grésse und Form und in hohem Masse transparent. Sie besitzen eine kurze 
Abklingzeit und bieten die Méglichkeit die zu messende Probe oder eine Substanz mit grossem 
Neutroneneinfangquerschnitt entweder in geléster Form, oder in Suspension direkt in der 
Szintillator einzubringen. 

Man unterscheidet 2 Grundformen von Fliissigkeitsszintillationszahlern: solche mit 
kleinem Volumen, welche die zu messende Probe enthalten [homogene Zahlmethode], und 
solche mit grossem Volumen. bei denen sich die Probe ausserhalb der Szintillatorfliissigkeit 
befindet. Szintillationszahler mit kleinem Volumen werden, zufolge ihrer hauptsachlichen 
Verwendung fiir 3H- und C-Bestimmungen mit schneller Koinzidenzschaltung verwendet, 
es wurde aber auch eine Reihe von energiereicheren f- und «-Strahlern auf diesem Wege mit 
Erfolg gemessen. Verschiedene Modglichkeiten der Zusammenstellung von Lésungsmittel 
und gelésten Substanzen gestattet fiir eine grosse Anzahl von Verbindungen die Anwendung 
der homogenen Zahlmethode. Unlésliche Verbindungen kénnen als Suspension gemessen 
werden. Zur Bestimmung der Korrektur fiir die luminiszenléschende Wirkung der Probe 
wird ein mitgeléster Standard verwendet. 

Fiir Detektoren mit grossem Volumen werden mehrere Photoelektronenvervielfacher, aber 
eine einfachere Schaltung verwendet. Die ausserhalb des Detektors befindliche Strahlen- 
quelle erleichtert die Bestimmung des Geometriefaktors und ist zufolge der multiplen Compton- 
Streuung zur Messung hochenergetischer y-Strahlung sehr geeignet. Untersuchungen an 
u-Mesonen, Neutronen und Neutrinos wurden durchgefiihrt. Eine Anordnung, bei der die 
Probe rings von Szintillatorsubstanz umschlossen wird, liefert eine Ausbeute iiber einen 
Raumwinkel von nahezu 47 und ist daher sehr geeignet fiir Untersuchungen iiber den 
Verbleib von y-Strahlern im Kérper, bei Mausen, Ratten, Affen und Hunden und beim 


Menschen. 


INTRODUCTION 


its area of investigation and of appli- 


A liguid scintillator is an organic solution 
which interacts with a quantum of ionizing 
radiation to give a spectrum of photons 
whose integrated energy is dependent on 
the composition of the solution and whose 
shape is characteristic of the solute. 

The study of liquid scintillators was 
originally carried out by physicists who 
tested many commercially available organic 
chemicals in search of scintillation ability. 
The recent interest of chemists in liquid 
scintillation has markedly expanded both 


cation. 

A liquid scintillator is normally used 
in optical combination with a_ photo- 
multiplier to form a detector system which 
translates the movement of an_ ionizing 
particle in the scintillator into an interpret- 
able electronic pulse. 

Liquid-scintillation detectors are now used 
in such branches of science as archaeology, 
biology, civil engineering, medicine, nuclear 
physics, and organic chemistry. 
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THE SCINTILLATION PROCESS 


The scintillation process, ? from ex- 
citing radiation to photoelectron, is a 
combination of many steps (Fig. 1) occurring 
in the short time-interval of a few milli- 
microseconds. It begins with energy deposi- 
tion in the solution by the ionizing particle. 
This particle may arise in a secondary 
manner as an electron from Compton 
scattering of gamma rays in the scintillator 
or as a recoiling proton from a collision 
with an energetic neutron. 

A solvent molecule in the volume of 
excitation will be converted to a cation 
and a free electron. At this stage the fate 
of solute molecules is trivial, because of 
their minute concentration. Rapid losses of 


Iz, + S> Iz, + S® + e ionization 

S®+e+S* degradation 

S* + 0,* 

o,* + 0, > 0, + 0,* 

o,* > 

+ o> o* 

+ 

oF > o+ En quenching 

¢+ photoelectric conversion 
I, ionizing particles; S,solvent; o, solute; ¢, photon; 

e, electron; K, cathode. 


transfer 


photoemission 
absorption 
scattering 


Fic. 1. Steps in the liquid-scintillation process. 


energy and recombination steps occur until 
the solvent molecule is at its first excited state. 

A sequence of energy transfers then 
takes place, involving the various solute 
species in order of decreasing first excited- 
state energy, whereupon the ultimate emit- 
ting solute (normally the secondary solute) 
yields its characteristic spectrum of photons. 
At this point, scintillations have occurred 
but complex optical problems remain. 

Scintillation solute molecules will absorb 
and re-emit photons, thereby changing 
the spectral shape and causing scattering 
or diffusion of the light. Other molecules, 
such as trace-impurities or special-function 
solutes may absorb photons and_ then 
dissipate the energy thermally. This process 
along with formation of co-ordination com- 
plexes which diminish light-yields, is termed 
quenching. 

With most detector geometries a majority 
of the photons must be reflected at least 
once before they can reach the photo- 
multiplier. Both the process of reflection 
and photoelectric conversion are spectrum- 
dependent. Thus the type of spectrum 
reaching the reflector and the photocathode 
may have great significance in determining 
the size of the electrical pulse. 


CHEMISTRY OF THE LIQUID SCINTILLATOR 


A liquid scintillator is usually a_three- 
component system composed of solvent, 
primary solute, and secondary solute (Fig. 2). 
Other materials sometimes added are the 
internal counting sample, the internal stan- 
dard, and the neutron-capture solute. 

The most efficient solvents are all alkyl- 


benzenes.“) Toluene, a fine compromise 
among effectiveness, expense, and commer- 
cial purity, is a common choice with 
triethylbenzene, substituting when _ fire 
hazard is of primary concern. The double- 
solvent system, 1,4-dioxane and naphtha- 
lene, is very useful for internal sample 
counting of tritium water and many varieties 
of aqueous solutions. 

A primary and secondary solute pair 


4 


functions as a very effective team with the 
higher concentration of primary solute, 
gathering excitation energy from the solvent 
and passing it on to the secondary solute, 
which emits it as a more desirable long 
wavelength spectrum. The best primary 
and secondary solutes are organic molecules 
made up of simple aromatic rings linked in a 
linear manner which allows continuous 
conjugation. p-Terphenyl and 2,5-diphenyl- 
oxazole (PPO), used at about 4 g/l., are 
the most popular primary solutes,‘® but 
2-phenyl-5- (4-biphenylyl) - 1,3,4-oxadiazole 
(PBD) is the most efficient. 

The polyaryl class of organic compounds 
supplies the best of the secondary solutes.‘ 
The oxazole ring has been a_ valuable 
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building block supplying molecules with 
sufficient molecular complexity for a suitably 
long wavelength spectrum without simul- 
taneously producing a very insoluble com- 
pound. 1,4-Di-[2-(5-phenyloxazoly]) ]-ben- 
zene (POPOP) is a recently developed 
compound which has rapidly assumed 
pre-eminence among the secondary solutes. 
In practice, POPOP concentrations of 
0-05-0-5 g/l. have been used. 1,6-Dipheny]- 
1,3,5-hexatriene is an earlier type of 
secondary solute which is still in use, 
although less efficient than POPOP. 

Other solutes which may be present 
in a liquid scintillator, but which do not 
contribute to the photon emission process, 
must be considered in the light of their 
quenching properties. Very mild quenchers, 
commonly referred to as “‘diluters,” seem 
to lower scintillation efficiency by replacing 
solvent molecules with molecules which 
neither support not interfere with the 
scintillation process. Such compounds in- 
clude alkanes, alkenes, alcohols, ethers, 
and nitriles. The most violent quenchers 
include nitro and iodo compounds, 
mercaptans, phenols, amines, aldehydes, 
and ketones.) An ever-present quencher 
is dissolved oxygen, whose removal improves 
the performance of liquid scintillators by a 
factor of about 1-3." 


METHODS OF 


There are two methods of testing liquid scintil- 
lators, both of which yield results of immediate 
practical interest. 

The simpler procedure is, in essence, a small 
detector which uses a minimum of electronics to 
arrive at a value proportional to the number of 
photoelectrons resulting from a reproducible deposit 
of radiation energy in the solution. This result is 
obtained as an average anode current and is compared 
with the value from a standard solution. The 
relative-current method has advantages both in ease 
of operation and in its ability to give data for very 
poor scintillators, but it is suspect in that it is based 
on an electronic feature rarely employed in scintil- 
lation detectors. Counters, which respond to the 
height to which scintillation pulses rise, make sharp 
distinction between two scintillators giving the same 
relative current value which results from different 
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Triethylbenzene 


Toluene 


p-Terpheny! 


1,6-Diphenyl—1,3,5 —-Hexatriene 


Fic. 2. Liquid-scintillation solvents and solutes 


It is fortunate that in C™ and H? homo- 
geneous counting situations, the degree of 
quenching of the internal counting sample 
can easily be corrected for by use of an 
internal standard. 

The most popular neutron-capture solutes, 
cadmium 2-ethylhexanoate and _ methyl 
borate, appear to behave like diluters. 


EVALUATION 


pulse shapes. The anode current indicates the area 
under the scintillation pulse and not its shape. 

The second method,‘® elegant and involved, uses 
a Cs}87 source and electronics, including amplifier, 
differential discriminator, and scaler. Cs!87 exists in 
secular equilibrium with Ba!%’, which, for about 10% 
of its disintegrations, yields a 624-keV internal 
conversion electron. This line in the energy spectrum 
appears, on pulse analysis, as a peak in the pulse 
spectrum. The differential discriminator is made to 
scan the amplified pulses with a narrow slit, and the 
discriminator setting for peak counting rate is taken 
as the pulse height. A popular standard solution is 
3g/l.PPO in toluene. Other scintillator values, 
referred to the standard solution, cannot be 
determined if they are less than about 0-15, because 
of lack of resolution of the conversion electron peak. 
Relative current and relative pulse height are 


= 

PPO 

| 

1 


spectrum-dependent properties and therefore are 
sensitive to differences in scintillator volume and 
reflector and photocathode response. 

Recent measurements of liquid-scintillator decay- 
times? have shown a remarkable uniformity in this 
property, allowing the assumption that agreement 
should exist between relative current and relative 
pulse-height values. This assumption does not apply 
to the variably slower organic crystal scintillators. 
A large number of comparisons between the two 
testing methods have shown excellent agreement for 
liquid scintillators. If a solution with exceptionally 
long decay-time should eventually be encountered, 
it will give a larger value for relative current than for 
relative pulse height. 

More fundamental testing methods yielding 
better understanding of the scintillation process are 
available. These involve measurement and _inter- 
pretation of emission and absorption spectra, and 
afford a reasonably clear picture of the steps involving 
photons of long enough wavelength to escape the 
solution. 

Two varieties of emission spectra can be obtained, 
the radioactive source-excited scintillation spectra 
and the ultra-violet arc-excited fluorescence spectra. 
The fluorescence method, which is simpler to carry 
out, can use any one of many commercially available 
recording ultra-violet spectrographs. Excitation may 
be accomplished with either a mercury or a hydrogen 
arc, and the total time required to obtain a recorded 
spectrum is a few minutes. Both methods must have 
complete instrumental calibration with a standard 
lamp, and corrected intensity units must subsequently 
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be converted by calculation into relative photon 
abundance and then into relative photoelectron 
yield. Measurement of area under the last type of 
curve should be capable of agreement with relative 
pulse-height data. It is useful to obtain from spectral 
information the mean wavelength of emission (above 
and below which the same number of photons are 
emitted), the shape of the spectrum, and its calculated 
match to various photomultiplier cathode sensitivity 
types. 

Because of the scattering phenomenon, the shape of 
the emission spectrum will vary with concentration 
and with path length. The pure molecular spectrum 
must be obtained at great dilution or with an extremely 
thin cell. 

The choice between scintillation and fluorescence 
spectra is not clear. The former involves the same type 
of excitation as in scintillation detectors, and some 
have claimed the spectra to be independent of 
excitation. method. However, there is now evidence 
for real differences between source and ultra-violet 
excitation,’ making it imperative that experiments 
with the latter method be carried out with these 
inconsistencies in mind. 

Absorption spectra in cyclohexane at high dilution 
supply information for energy-transfer calculations. 
Data from more concentrated solutions, gathered 
over the range of emission wavelengths, allow 
computation of spectral changes occurring with 
alteration of detector dimensions. Measurements 
with the pure solvent are said to represent irreversible 
absorption, and therefore yield mean-free-path 
figures useful in giant-detector calculations. 


SOME SPECIAL PROPERTIES OF LIQUID SCINTILLATORS 


Certain peculiar properties of a liquid 
scintillator clearly separate it from its four 
relatives: plastic, organic crystal, inorganic 
crystal, and gaseous. 

The total cost, including materials and 
preparation, is least for the liquid scintillators. 
The monomeric ingredients of a_ plastic 
scintillator are about three times as expensive, 
and the price will be slightly greater than 
this ratio indicates because of the poly- 
merization step which the preparation re- 
quires. The crystal scintillators are not only 
considerably more expensive than the liquids, 
but are not available in large sizes because 
of the severe limitations inherent in the 
crystal-growth process. 

Liquid scintillators are very easily prepared 
in any volume required. A 55-gal drum of 


toluene can have the proper concentrations of 
solutes dissolved in it in less than 30 min. 

The ability of a liquid scintillator to 
dissolve a great variety of counting samples 
and special-function solutes is not available 
to the other classes of scintillators. The 
feasibility and popularity of homogeneous 
liquid-scintillation counting have depended 
largely on the solvent power and low cost 
of the liquid scintillator. 

The large-volume scintillation detector 
has been made possible by the inexpensive- 
ness and high transparency of the !iquid 
scintillator. Mean-free-paths of greater than 
5m have led to successful development of 
the 300-1 model of the neutrino detector“) 
and the 420-1 human counier"®) in the 
Los Alamos Scientific Laboratory. 
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The liquids share the distinction with 
the plastics of having the fastest response 
of all the scintillators, measured as decay- 


LIQUID SCINTILLATION 


times of <3 x 10-*sec.2% This gives 
time-resolution properties which are very 
desirable in a pulse-type detector. 


DETECTORS AND THEIR 


ELECTRONIC REQUIREMENTS 


The liquid scintillation detector has 
already been described as a suitable optical 
combination of a scintillator and a 
photomultiplier which converts ionizing par- 
ticle energy into electrical pulses. The 
electronic components which follow the 
photomultiplier have three separate functions 
to perform: amplification, sorting, and 
presentation. 

Amplifiers are used which have maximum 
gain of about 40,000 and which do not 
seriously lengthen the pulses. They must 
also have excellent overload characteristics. 

Sorting is accomplished in both amplitude 
and time. It is the function of the dis- 
criminator to yield an output pulse for an 
input pulse whose amplitude is above the 
threshold level set with a potentiometer. 
A pair of discriminators receiving the same 
pulse spectrum while set at different 
threshold levels may operate into an anti- 
coincidence circuit to give output pulses 
for all those originally arriving between 
the two thresholds. This is called a single- 
channel analyser. 

When pulses from desired events are so 
low in amplitude as to be accompanied 
by large numbers of thermionic emission 


pulses from the photomultiplier, two photo- 
multipliers with separate circuitry are used. 
The discriminator outputs of both circuits 
then go into a coincidence circuit having a 
resolving time which sets the interval 
within which two pulses must arrive to give 
an output pulse. All events originating in the 
scintillator will be in coincidence and 
therefore will survive the coincidence circuit. 
Only a small fraction of the uncorrelated 
thermionic emission pulses originating in 
each photomultiplier will contribute to the 
output. 

Events which emerge from the last of 
the sorting steps in the electronic circuitry 
of a scintillation counter are usually displayed 
on a scaler. This either shows the number 
of events received in a specific time-interval 
or tells the time required for the arrival 
of a preset number of events. 

Liquid scintillation detectors may be classi- 
fied by their various electronic arrangements, 
but this is a secondary consideration to the 
nature of the radiation being detected and the 
geometrical arrangement of source and scintil- 
lator. Analysis by this latter means shows two 
basic types: small-volume with internalsample 
and large-volume with external sample. 


SMALL-VOLUME DETECTORS 


The small-volume detector with internal 
sample was originally devised because of the 
need for better counting methods for the 


weak beta-emitters, C! and tritium. These 


are extremely popular tracer-atoms in 
biology, medicine, and chemistry, primarily 
because carbon or hydrogen appear in 
almost every chemical compound of interest 
in these fields. Due to the small amount of 
light produced by the scintillator for such 
low-energy betas, the coincidence feature 
has been employed for separating these 
desired pulses from the thermionic emission 


pulses. With the early types of photo- 
multipliers, which were quite noisy, refrigera- 
tion of the photomultipliers was an added 
necessity to reduce this source of background. 
Continued improvement in photomultiplier 
signal-to-noise ratios has allowed the 
simplifying choice between operation with 
a refrigerated single photomultiplier or 
a room-temperature coincidence arrange- 
ment (Fig. 3). Both counter types will 
certainly be popular, the first for economy 
and the second for easier handling of counting 
solutions. A special feature, commercially 
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Fic. 3. Fast-coincidence liquid scintillation counter for operation at room temperature with 
uninterrupted voltage to the photomultipliers 
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available, in coincidence circuits for prob- 
lems involving double labelling is a dual 
scaler receiving signals from double-channel 
analysers in coincidence. If the two labels 
have significantly different energies, this 
system allows simultaneous counting of both 
emitters. Such a feature is necessary only 
for a programme where a two-fold saving 
in counting time is vital. 

Although the  small-volume, internal 
sample counter was developed" primarily 
for users of C!4 and tritium, it has also been 
applied to studies with Ca‘, [131, 
Cs!94, Gs!87, U283, U235, and 

The types of counting samples can be 
divided into two classes: the homogeneous 
or dissolved source, and the heterogeneous 
or suspended source. In the homogeneous 
class there are three subdivisions: the 
toluene system, the dioxane-naphthalene 
system, and the labelled-solvent system. 

Many compounds are soluble in the 
most popular scintillation solvent, toluene. 
Of special interest to the biochemist is the 
solubility of sterols and fatty acids." All 
such substances may be counted as dilute 
solutions in the liquid scintillator: 4 g/l. 
p-terphenyl and 0-1 g/l. POPOP in toluene. 
In order to avoid crystallization of the 
solute in a_ refrigerated counter, the 
p-terphenyl should be replaced with 4 g/l. 
PPO and the POPOP concentration should 
be 0-05 g/l. 

A large number of  toluene-insoluble 
substances are water-soluble. Aqueous 
solutions of interest in counting include 
sugars and salts, body fluids such as blood 
and urine, and water itself (as HTO). 
These may be dissolved and_ successfully 
counted in a liquid scintillator composed of 
4 ¢/1, PPO, 0-1 g/l. POPOP, and 50 g/l. naph- 
thalene in 1,4-dioxane.“® This can dissolve 
more water than the previously-used alcohol- 
toluene system,” and gives enough pulse 
height to allow greater sensitivity for the 
same total counting volume. The dioxane 
system requires moderation in refrigerating 
the detector, because the counting solutions 
will freeze at about 5°C. 

A special counting case occurs when 
solvent and counting sample are the same. 


4A 


Archaeological dating by natural Cl decay 
analysis can be accomplished with high 
sensitivity by synthesizing toluene from 
C¥O, obtained by burning the dating 
sample."” In this way about 13 g of natural 
Cl can be counted in a 100-g liquid scintil- 
lator solution. Rapid and _ high-precision 
contemporary assays of terpene materials 
can be carried out by aromatization of the 
sample to p-cymene, which can function as a 
liquid-scintillator solvent.“8) About 89 of 
contemporary C! can be counted in 100 g of 
counting solution. 

The heterogeneous sample class of the 
small-volume liquid-scintillation detector is 
an answer to the question of what to do with 
materials which are insoluble in toluene, 
dioxane, and water. Notable members of 
this class are certain inorganic salts, amino 
acids, and body tissues. It is possible to grind 
these to small-particle size and suspend 
them in the /-terphenyl-POPOP-toluene 
solution.”% Shaking between each count or 
extrapolating back to zero time in a series of 
undisturbed counts allows one to arrive at an 
assay for the sample. Optically dense 
concentrations of suspended white material 
do nothing to impair counting efficiency, 
because the light has an effective scattering 
mechanism for reaching the photomulti- 
pliers. Coloured suspensions lower efficiency 
by light absorption in a reasonable manner, a 
happy contrast to the many unrelated modes 
of homogeneous quenching. Suspension 
counting offers an easy means for sample 
recovery by filtration. 

The small self-absorption in the suspended 
samples does not allow its use for tritium- 
labelled materials. However, for C™ and all 
higher-energy beta-emitters, essentially all 
the beta energy from every disintegration 
excites the scintillator. C4, and 
Ca*®* compounds have been successfully 
counted.) 

The procedure which takes the guesswork 
out of counting and at the same time puts 
it on an absolute activity basis is the use of 
an internal standard. This is a known small 
amount of an absolute standard which is 
added to a scintillator solution after counting 
it in order to calibrate the efficiency with 
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which that count was made. Such a method 
compensates for quenching and instrumental 
drift and gives the conversion factor from 
counts to disintegrations. There are two 
accurate internal standards: tritium water 
and benzenecarboxylic-C™ acid. Both 
can be obtained with assay values based on 
mass spectrographic analyses. The former 
can be used in the dioxane-naphthalene 
system and can effectively give secondary 
standard values to other tritium compounds. 
The benzoic-acid standard functions as a 
valuable calibrating agent for all four 
variations of internal sample counting 
using Cl, 

Results for counting efficiency are often 
quoted, for advertising purposes, as the 
maximum obtainable through use of highest 
gain and greatest photomultiplier voltage. 
Such conditions rarely contribute to best 
relative values of sample-to-background 
counts, and often lead to instrumental 


instability. Conservative values for counting 
efficiencies in coincidence realizable with 
very little quenching by the sample are 8% 
for HTO, 12% for toluene-soluble tritium 
compounds, 55% with both dissolved and 
suspended C™ and S*, and higher effici- 
encies with the more energetic betas. Alpha- 
emitters count with almost 100% efficiency 
and Cs!8? (with the help ofits Ba!®’ daughter) 
reaches 120%. 

For 25-ml counting samples and 2 in. of 
lead shielding, backgrounds will be 75-100 
c/min for H* and 30-60 c/min for all the 
other cases. Except in rare cases where 
phosphorescent bottles or thermoluminescent 
solutions are encountered, no special pre- 
cautions such as thermal or light adaption of 
the sample are required to obtain these low 
backgrounds. The upper-level discriminators 
effectively remove from the background any 
significant contribution of cosmic-ray events 
or local high-energy gamma contamination. 


LARGE- VOLUME DETECTORS 


The large-volume, separate-sample liquid 
scintillation detector had its origin in the 
desire for improved geometrical relationship 
to the source over that available with the 
small crystal detectors. With large volumes 
there came large internal surface areas and a 
resulting necessity to use many _ photo- 
multipliers as well as the most efficient 
reflector. Detectors have been constructed 
with as many as 108 photomultipliers’* 
with 2-in. diameter cathodes. In general, 
multi-tube detectors have their photomulti- 
pliers wired in parallel such that no more 
electronic circuits are required for a large- 
volume detector than for a small-volume, 
internal sample counter. The coincidence 
feature may be resorted to when desired 
scintillation pulses are accompanied by 
thermionic emission pulses. 

The best reflector system known is titanium 
dioxide (anatase) bonded in a clear Epon 
resin.) The consideration that the reflector 
is bathed by the liquid scintillator makes it 
necessary to use a pigment with a large 
refractive index. The resin must be resistant 
to damage by the scintillator. 


The preferred liquid scintillator for all 
the large-volume detectors is 4 g/l. p-ter- 
phenyl and 0-1 g/l. POPOP in toluene. 
This offers a combination of excellent 
transparency to its own emitted light and 
large yield of photons per unit of absorbed 
energy. Its only serious drawback arises in 
situations where toluene is considered to pose 
a serious fire hazard. In this case, triethyl- 
benzene (Dow Chemical Company, Alka- 
zene 3, scintillation purity), flash-point 
181-4°C, may be used in place of toluene. 

Since the large-volume detector has its 
source of radioactivity outside the solution, 
only those rays which penetrate the container 
can be detected. These are gamma rays, 
cosmic rays, bremsstrahlung, neutrons, and 
even neutrinos. 

Energetic gamma rays are resolved in a 
large detector because of multiple Compton 
scattering within the solution. This allows 
all the gamma energy to be collected in the 
scintillation pulse. 

Energetic neutrons are detected in the 
usual scintillator solution by scintillation 
pulses from proton recoils. Addition of the 
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special function solute, cadmium 2-ethyl- 
hexanoate, converts the neutron-detection 
scheme into the very specific delayed 
coincidence arrangement wherein the proton 
recoil pulse is followed, after the slowing- 
down time, by a large pulse from the gamma 
rays resulting from thermal neutron capture 
in cadmium.) The delay-time depends on 
the ratio of cadmium to hydrogen atoms, and 
the coincidence circuitry available usually 
has a variable delay-time. This detection 
system is insensitive to gamma rays. B!, as 
methyl borate, was once used in place of 
cadmium, but the pulse induced by thermal 
neutron capture is considerably less energetic. 

# mesons produce giant pulses in large 
liquid scintillation detectors. Energy de- 
position is about 1:5 MeV per vertical 
centimetre. The spectrum of the u-meson 
decay electron as well as the decay-time 
can be measured by the delayed-coincidence 
technique. 

Two geometrical arrangements are en- 
countered with large-volume detectors: the 
source external to a cylindrical detector or 
the source within a central cavity in a 


cylindrical detector. A notable example of 
the former was the 300-1 neutrino detector" 
with ninety 2-in. photomultipliers. Its 


liquid scintillator and reflector are no 
longer in use today. The detection scheme 
involved a delayed coincidence: a positron 
pulse from neutrino-capture in hydrogen 
followed by a cadmium-capture gamma 
pulse from the slowed-down neutron origi- 
nally produced by the neutrino inter- 
action. 

Many versions of the 47 detector have been 
tried,‘°?) differing in size and in the number 
and orientation of photomultipliers. Their 
applications in biology and medicine have 
been to determine body burdens of various 
radioactive isotopes in excretion studies with 
experimental animals. A very recent version 
of this detector is the 420-1 counter con- 
structed to accommodate human _ beings 
(Fig. 4). All of these detectors have one 
dimension in common. This is the 5- to 6-in. 
scintillator thickness, calculated to be an 
optimum for efficient gamma detection vs. 
reasonable detector size. Most of the 
solution volume in such detectors is used in 
attaining the almost-47 geometry rather 
than in obtaining superior gamma resolution. 
Ample sensitivity has been realized in 
studies with mice, rats, monkeys, dogs, and 
humans involving the isotopes 
K4, Sr®, [151, Cs!*4, and RaC. 


CONCLUSION 


The liquid scintillator, in just a few years 
of development, has shown itself to be an 
extremely versatile chemical system for 
radiation detection. Its evolution has been 
characterized by mild penetration into almost 
every phase of experimental science. The 
slow process of popularization is under way. 


Serious limitations to the future appli- 
cations of liquid scintillators are not now 
evident. Before such a time is reached, the 
liquid-scintillation detector will have proved 
itself to be one of the most useful research 
tools for the peaceful era of the atomic 
age. 
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A powerful method for studying the biochemistry of acute toxic action in vivo would 
be one in which the whole range of metabolites involved in the immediate survival of the 
animal could be determined quantitatively in the tissues of control and of poisoned animals. 
The possibility of doing this with insects has been demonstrated by the application of quanti- 
tative radiopaper chromatographic techniques. When houseflies are fed with carrier-free 
32PO,°-, the entire pool of phosphorylated intermediates of glycolysis, muscle contraction, etc., 
appears to become rapidly and uniformly labelled. The labelled intermediates may then be 
extracted, separated on paper chromatograms, and determined by radiometric scanning 
techniques.) Some interesting results have been obtained. For example, exposure of flies to 
methyl bromide (an SH-enzyme inhibitor) brings about a spectacular depletion of ATP, the 
entire phosphate sometimes appearing as PO,°~, and not as AMP or ADP, as might be expected. 
The nature and relative specific activities of the **P-labelled intermediates extracted from 
tissues have been determined by cochromatographic and neutron activation techniques. 
This work has recently been extended to the use of !C-labelled pools by the injection of a 
suitable substrate such as 2-!C acetate. Certain amino acids and acetylcholine, an important 
substance in vertebrate nerve-muscle function, have been identified and estimated among the 
labelled intermediates formed in normal houseflies, and in houseflies poisoned with ditsopropy! 
phosphorofluoridate (DFP). DFP caused a temporary increase in the acetylcholine level, but 
also interfered with amino-acid metabolism, which resulted in an accumulation of glutamine. 


Marquage d’ensembles metaboliques pour une etude quantitative 
de la biochimie de l’action toxique 


Une méthode d’étude efficace de la biochimie d’une action tres toxique in vivo serait 
la méthode qui déterminerait dans les tissus d’animaux de controle et d’animaux em- 
poisonnés la nature de tous les métabolites impliqués lors de la survie immédiate de l’animal. 
On a démontré qu’il était possible d’appliquer cette méthode aux insectes, en utilisant les 
techniques de chromatographie sur papier avec éléments marqués. Si des mouches communes 
sont nourries de ??PO,3~ sans entraineur, il apparait que l’ensemble des intermédiaires phos- 
phorylés de la glycolyse, la contraction musculaire, etc..., deviennent rapidement et 
uniformément marqués. Les intermédiaires marqués peuvent alors étre extraits, séparés 
sur chromatogramme et déterminés au moyen de techniques de recherche radiométriques 
(Winteringham, et coll., Analyst, 1952, 77, 19). Quelques résultats intéressants ont été 
obtenus. Ainsi, l’exposition de mouches au bromure de méthyle (inhibiteur de l’enzyme par 
blocage de la fonction SH) améne un épuisement notable de |’A.T.P., tout le phosphate 
apparaissant quelquefois sous forme de PO,°~ et non sous forme de AMP ou ADP comme 
on pouvait le prévoir. On a déterminé par chromatographie et activités neutroniques la 
nature et les activités spécifiques relatives des intermédiaires extraits des tissus et marqués 
au 2P, Récemment, ce travail a été étendu a |’étude d’ensembles de produits métaboliques 
marqués par 4C au moyen d’injection de substrat convenable tel que le biacétate—“C. Parmi 
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les intermédiaires marqués qui se forment chez des mouches de référence et chez des mouches 
empoisonnées au diisopropyl phosphorofluoridate (D.F.P.), on a déterminé et dosé certains 
amino-acides et l’acétylcholine, substance importante de la jonction nerf-muscle chez les 
vertébrés. Le D.F.P. provoque une augmentation passagére du niveau de I’acétylcholine 
mais s’immisce également dans le métabolisme de l’amino-acide ce qui aboutit a une accumu- 
lation de la glutamine. 


BHOXHMMM TOKCHYeCKOrO jeliCTBUA C Me4eHbIX 


OPPeKTUBHLIM MeTOAOM OCTporo TOKCHYeCKOrO jelicTBUA 
in vivo Opt. Obl TAKOI B KOTOPOM BCe B 
BbUKMBAeCMOCTH #KMBOTHOLO, MOFYT ObITh KOM4eCTBEHHO B TRAHAX KOHTPO.IbHbIX 
AKMBOTHBIX. TAaKOrO MeTOa K OMbITAM 
IIpu nuranun myx Bce Pocpop 
PIMKO.IM3a, WeATebHOCTH MeTATCAH OpicTpoO paBHomepHo. 
BeuleCTBa MOryT ObITh 3aTeM Ha OyMaxKHbIX 
ompexetenbt moayyenbl HeKOTOpble MHTepeCHble 
Tak, HampuMep, OKa3aiccb, Ha MYX OpoMMCTHIM MeTH.IOM (HHTHONTOP 
BBI3bIBaeT 3aMeTHOe 3amaca ATP, mpwuem Bech 
B Bue PO}-, a He B Bue AMP ADP, Kak 
IIpupoga OTHOCHTeAbHbIe AKTHBHOCTH Me€YeHHBIX MPOLYRTOB, 
M3 TKaHeli, C XpoMaTorpaduyeckoro 
B sToM TakAKe TIPMMeHeHbI MeTa- 
Oommueckne MeyeHHbIe mou yueHHble MyTeM BIIPbICKUBAHMA 
cyOcTpata, Kak 2-4C-anerat. HekoTopbie aMMHOKMCAOTHI — BellecTBO, 
B MCYCHEIX MPOLYKTOB, y OOBIUHBIX 
MyX Il Y MYX, (DFP). DFP 
pe3yabTaTOM 4erO ABIATOCh riyTaMMHa. 


Markierte Stoffwechseldepots zur quantitativen Untersuchung der 
Biochemie des Vergiftungsprozesses 


Um zu einer effektiven Methode zur Untersuchung der Biochemie des akuten Vergiftungs- 
vorganges in vivo zu gelangen, ist es notwendig, dass samtliche Stoffwechselprodukte, welche 
an dem unmittelbaren Ueberleben des Tieres beteiligt sind, im Gewebe der Kontrolltiere 
und der vergifteten Tiere quantitativ bestimmt werden kénnen. Dass diese Méglichkeit 
besteht, konnte bei Insekten mit Hilfe von quantitativer Papierchromatographie gezeigt 
werden. Durch Fiitterung von Stubenfliegen (Musca domestica L) mit tragerfreiem *P ,3- 
wird das gesamte Depot der phosphorylierten Zwischenprodukte der Glycolyse, Muskel- 
kontraktion etc. in kurzer Zeit homogen, radioaktiv markiert. Die markierten Zwischen- 
produkte kénnen dann extrahiert werden, papierchromatographisch getrennt und auf radio- 
metrischem Wege (scanning) bestimmt werden. Einige interessante Resultate wurden erzielt. 
So tritt z.B. eine auffallige Verarmung an ATP ein, wenn die Fliegen der Einwirkung von 
Methylbromid—ein SH-Enzym-Hemmstoff—ausgesetzt werden. Das gesamte Phosphat 
erscheint in manchen Fallen als PO,°- und nicht, wie man erwarten wiirde, als AMP oder 
ADP. Die Zusammensetzung und die relative spezifische Aktivitat der aus den Geweben 
extrahierten **P-markierten Zwischenprodukte wurde auf cochromatographischen Wege 
und durch Neutronenaktivierung bestimmt. Neuerdings werden fiir diese Untersuchungen 
auch /C-markierte Depots verwendet, die durch Injektion eines geeigneten Substrats wie 
z.B. 2-14C-Azetat hergestellt werden. Gewisse Aminosduren und Azetylcholin, eine wichtige 
Substanz der neuromuskularen Funktion, konnte identifiziert werden und unter den markier- 
ten Zwischenprodukten bei normalen Stubenfliegen und bei Stubenfliegen, die durch di- 
isopropyl Phosphorofluoridat (DFP) vergiftet worden waren, bestimmt werden. DFP bewirkt 
einen temporaren Anstieg des Acetylcholinspiegels, iibt aber iiberdies auch einen Einfluss 
auf den Aminosaurestoffwechsel aus, was eine Einsammlung von Glutamin bewirkt. 


58 
VOL. 
956/5° 


Labelled metabolic pools for studying quantitatively the biochemistry of toxic action 


INTRODUCTION 


A classical method of studying toxic action 
consists of concentrating one or more of 
the enzymes believed likely to be affected 
in vivo, and of determining which, if any, 
of these enzymes are, in fact, inhibited by 
sufficiently low concentrations of the toxic 
substance in vitro. The method has well- 
recognized limitations. In the intact animal 
the toxic substance may never reach the 
site of the enzyme. For example, it may 
rapidly be metabolized to a noninhibitory 
substance. Alternatively, the substance 
which fails to inhibit an enzyme in vitro 
may form a metabolite in the intact animal 
which is a powerful inhibitor of the enzyme. 
There are well-known examples of both 
cases. Finally, even if it be established 
that a substance inhibits a particular enzyme 
in vitro and in vivo, it may be a relatively 
unimportant factor in the toxic mechanism 
on account of alternative metabolic pathways 
available in the intact animal. Such alter- 
native pathways may not only be absent 
in the laboratory preparation, they may 
still await discovery in the intact animal. 

The well-being and survival of the animal 
depends upon the maintenance of “pools” 
of substances within certain ranges of tissue 
concentrations. The continuous synthesis, 
degradation, and equilibration of these 
substances or metabolites are facilitated 
by the enzymes. A biochemical lesion of 
toxic action may therefore be regarded, 
not so much as an enzyme interference, 
but as a depletion or accumulation of a 
metabolite beyond the tolerance limits of 
the healthy tissue. A method of overall 


analysis of the metabolic pools involved in 
the minute-to-minute functions of the tissues 
in poisoned and in control animals would 
then provide a powerful tool for studying 
toxic mechanisms in the intact animal. 
This has been achieved in insects by feeding 
or injecting them with suitably labelled 
substrates when well-defined metabolic pools 
become rapidly labelled. Entire insects, 
or dissected tissues are then extracted under 
conditions which preclude further chemical 
or enzymic action, and the labelled meta- 
bolites so extracted resolved by paper 
chromatography. The labelled metabolites 
separated on the resulting paper chromato- 
grams are then located and determined 
by scanning automatically with a Geiger- 
Miller counter or equivalent detector. 
In this way a radiochromatogram is obtained 
showing what might be described as a 
spectrum of the labelled metabolites. Many 
compounds will not become labelled because 
their turnover times'?) are too large. On 
the other hand, those compounds undergoing 
rapid turnover and which, therefore, become 
labelled, are the ones most likely to be 
important in the immediate survival of 
the animal. The novelty of this approach 
does not lie in the techniques themselves, 
which are well established.“: ») The novelty 
lies in the combination of techniques and 
of using insects as intact experimental 
animals. The remarkable similarities be- 
tween insect and mammalian metabolism 
suggest, however, that the results of the 
kind described here are likely to be of 
significance in mammalian toxicology. 


RADIOCHROMATOGRAPHIC TECHNIQUES 


One method developed“ for automatically 
scanning paper chromatograms and_re- 
cording the results was designed to operate 
from a timing unit, AERE type 1003, 
and other equipment readily available 
commercially. The paper chromatogram 
is passed step-wise below a thin end-window 
Geiger-Miiller tube so that successive 0-5-cm 
sections of the paper are exposed to the 


detector through a slotted platform for 
0-5 min, 1-0-min periods, etc. The paper 
strip is advanced by a simple escapement 
mechanism controlled by the electro-mechani- 
cal register solenoid removed from the 
timing unit. The mean rate of count of 
each exposed section is plotted by means 
of a ratemeter circuit and pen-recorder. 
In this way a radiochromatogram is obtained 
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in which the radioactivity is plotted against 
distance along the paper chromatogram. 
The labelled metabolites appear as peaks 
of radioactivity and the area enclosed 
by a peak is a measure of the weight of 
metabolite present. Occasionally labelled 
metabolites, particularly ones labelled with 
soft beta emitters like carbon-14, tritium, 
etc., are present in such low concentrations, 
or emit / particles of such low energy that 
they may only be determined under 
specially sensitive conditions. For this pur- 
pose a low-background 47 counter was 
constructed) in which the paper chromato- 
gram may be mounted within the sensitive 
volume of the tube itself, which operates 
in the Geiger region, so that soft beta 
particles escaping from the paper do not 
have to penetrate a “window.” Moreover, 
the sensitive volume subtends an angle of 47 
steradians about the exposed paper section, so 
that almost all the escaping beta particles are 
detected. This counter was found to be about 
eight times as sensitive to carbon-14, sepa- 
rated on a paper chromatogram, as a conven- 
tional thin end-window Geiger-Miiller tube. 


Surprisingly, it was also found to be usefully 
sensitive to tritium-labelled compounds sepa- 
rated on paper chromatograms. 

A fraction separated on a unidimensional 
paper chromatogram may prove to be a 
mixture of labelled compounds which can 


only be resolved in some second or even 
third solvent system. Normally this problem 
may be solved by two-dimensional paper 
chromatography but it is a tedious matter 
to have to scan quantitatively two-dimen- 
sional paper chromatograms. 

The problem may be solved by a simple 
elution-reconcentration technique. ‘That 
part of the paper chromatogram containing 
the fraction to be resolved is cut out and 
attached to the bottom of a second paper 
strip. The section to be eluted just dips 
into an eluting solvent which must be 
volatile (e.g. slightly acidified aqueous ace- 
tone). The solvent travels up the paper, 
which is lightly wedged between the surfaces 
of a ground glass joint, the cone of which is 
sealed at the base. As the solvent emerges 
from the unit it evaporates. The net result is 
that the labelled mixture is continuously 
eluted from the attached section and recon- 
centrated in a narrow band on the new 
paper strip at the evaporating solvent front. 
The second strip is chromatographed in an 
alternative solvent to resolve the mixture. 
This may be repeated, subject of course to 
the chemical stability of the labelled com- 
pounds, so that the resolving powers of 
multidimensional paper chromatography 
may be exploited, but the separated 
compounds can always be scanned on 
unidimensional strips. 


%P-LABELLED POOL IN ADULT HOUSEFLY TISSUES 


The techniques described have been 
successfully applied to studying the effects of 
various poisons on the distribution of soluble 
phosphorylated intermediates of adult house- 
fly tissue. Adult flies were fed or injected 
intrathoracically with carrier-free radio- 
phosphate, anaesthetized, plunged into liquid 
nitrogen, nerve tissue or muscle tissue 
dissected out, and extracted with ethanolic 
formic acid at —10°C. The radio- 
chromatographic analysis of the labelled 
intermediates recovered is illustrated in 
Fig. 1. The radiochromatograms shown are 
plots of radioactivity against distance along 
the paper chromatograms (R,O — 
Peaks of radioactivity are inked in for clarity. 


In a formic acid-acetone solvent (A), six 
labelled “parent” fractions are resolved. 
The first fraction, starting at RO, largely 
disappeared from extracts which had been 
centrifuged hard, and is believed to be 
phosphoprotein in suspension. It was in- 
soluble in hot hydrochloric acid. The 
second fraction cochromatographed exactly 
with added adenosine triphosphate (ATP) 
and, on acid hydrolysis, it gave rise to two 
labelled products which respectively co- 
chromatographed exactly with added ribose- 
5-phosphate (R5-P) and inorganic phosphate 
(PO,3-) in a second run in the formic acid- 
acetone solvent (B). The parent fraction was 
concluded to be adenosine triphosphate. 
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A third small faster-running fraction similarly 
behaved as adenosine diphosphate (ADP). 
The fourth parent fraction could be resolved 
into three compounds in an ammonia- 
methanol solvent (C). These have been 


(c) 


+? G6-P 


phosphate may be represented as Adenosine 
—O—P*—O—P’—O—P’. If in vivo, the 
labile P’ and P” atoms alone were labelled, 
then the radioactivity of the ATP fraction 
would represent a bigger weight of nucleotide 


Ammonia 


+ methanol 


(b) 
Formic acid 
+ acetone 


RS-P 


Elute, reconcentrate 


and hydrolyse 


_ Formic acid 


respectively identified as the invertebrate 
phosphagen or arginine phosphoric acid, 
(Arg-P) adenylic acid (AMP) plus an 
unknown compound believed also to be 
a nucleotide but not inosinic acid, and 
glucose-6-phosphate (G6-P). The fifth and 
sixth parent fractions resolved in the acid 
solvent have been identified as phospho- 
glycerate (PGA) and inorganic phosphate 
respectively. 

The relative areas enclosed by the radio- 
activity peaks of a radiochromatogram will 
be proportional to the relative weights of 
compounds present, provided they are uni- 
formly labelled. For example, adenosine tri- 


Elute and 
reconcentrate 


+ acetone 


Fic. 1. Radiochromatographic 
analysis of **P-labelled intermedi- 
ates extracted from houseflies fed 
with **P-labelled inorganic phos- 
phate. A—parent radiochromato- 
gram, B—hydrolysis of ATP frac- 
tion, C—resolution of composite 
fraction. 


Abbreviations: 
ATP—adenosine triphosphate, 
ADP—adenosine diphosphate, 
AMP—adenylic acid, 
G6-P—glucose 6-phosphate, 
Arg-P—arginine phosphoric acid, 
PGA—phosphoglycerate, 

PO?-— inorganic phosphate, 
R5-P—ribose 5-phosphate. 


phosphorus than it would if all three atoms 
were labelled. In the quantitative inter- 
pretation of the radiochromatograms it is, 
therefore, clearly of great importance to 
establish the relative specific **P activities of 
the separated compounds. It will be seen 
in Fig. 1 that acid hydrolysis of the ATP 
fraction yielded labelled ribose-5-phosphate 
and inorganic phosphate, and the *P 
activity of the ribose-5-phosphate fraction 
was in fact half that of the inorganic 
phosphate fraction. Since the  ribose-5- 
phosphate moiety must have included the P~* 
atom, this established that all three phos- 
phorus atoms of the ATP were labelled, and 
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labelled uniformly. The ribose-5-phosphate 
would under no other circumstances carry 
exactly half as much *P activity as the 
liberated inorganic phosphate. 

A different method of comparing the 
specific *P activities of the separated 


intermediates was by neutron activation of 
paper chromatograms in which the original 
32P activity had been allowed to decay to 
insignificance. It is readily calculated that 
the actual ratio (fed or injected ®*P/?1P (natural 
phosphorus) already present in the tissue) is 


very small indeed. On reactivation in the 
Pile, the new *P activity resulting from the 
31P (n, y)®2P reaction was thus a measure of 
the total phosphorus originally present, and 
the ratio reactivated **Ploriginal was a 
measure of the specific activity of the 
originally labelled compound. In this way 
it was shown that the specific activity of 
organic phosphorus in the separated com- 
pounds was approximately the same, and all 
the compounds were therefore uniformly 


labelled. 


TOXIC DISTURBANCES IN THE #”P POOL 


The preparation and analysis of the 
32P-labelled pool of adult housefly tissue has 
been applied to the study of toxic mechan- 
isms in two ways. 

(a) The insect has been exposed to the 
toxic substance after the “pool” has become 
uniformly labelled. This provided informa- 
tion on the disturbances in pool phosphorus 
and a direct measure of changes in the 
tissue concentrations of the phosphorus- 
containing intermediates. 

(b) The insect has been exposed to the 
toxic substance before the pool has become 
uniformly labelled. This provided informa- 
tion on the effects of the toxic substance 
on metabolic turnover rates and on the 
rate of the radioisotope incorporation 
reactions. 

Fig. 2 illustrates the effects of methyl- 
bromide vapour (an important volatile 
insecticide) on the acid-soluble phosphorus 
distribution in the thoracic muscle tissue of 
the adult housefly, Musca domestica, L. 
Of interest is the spectacular depletion of 
adenosine triphosphate in the poisoned 
insect. Methyl bromide is an established 
SH-dependent-enzyme inhibitor.” The 
“control” group (radiochromatogram A) 
refers to flies bred and labelled under 
conditions identical with those exposed to 
the poison (radiochromatogram B). After 
a 60-sec exposure, there was a significant 
increase in the level of G6-P. As early as 
1930 LunpsGAarD'®) had made a similar 
observation with iodoacetate-poisoned frog 
muscle. Iodoacetate is a classical SH- 


enzyme inhibitor. He also observed a fall in 
the phosphagen level, so that the fall in 
phosphagen and AT'P observed here is not 
unexpected. Of particular interest, however, 
was the apparent mode of ATP breakdown 
after the 60-sec exposure. There was no 
equivalent formation of AMP or ADP. 
This would be explained if the ribose-5- 
phosphate moiety of the ATP had been 
unlabelled, but, as explained, the evidence 
indicated that under the experimental con- 
ditions used the R5-P moiety was indeed 
labelled. 

The ATP depletion thus implied complete 
hydrolysis of all three phosphorus atoms. 
After short periods of exposure to sublethal 
doses this has been shown to be reversible, 
and therefore suggests that adenosine itself 
may be a phosphate acceptor in vivo during 
the recovery of the insect. Consistent with 
this view were the results of some turnover 
experiments in which there was evidence that 
the P* atom of ATP became labelled within 
an hour of injecting radioactive phosphate. 
In an experiment involving a 10 min 
exposure to methyl bromide, the ATP 
depletion was accompanied by the formation 
of an equivalent weight of AMP, and shows 
that the breakdown of ATP may occur in 
two ways. The fact that ADP never accumu- 
lated significantly would be explained by 
the action of myokinase, which has been 
demonstrated in houseflies.2® After 10 min 
and longer there was always a significant 
reduction in the phosphoglycerate-level, 
and this would be explained by the blocking 
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of the SH-dependent enzyme triosephosphate 
dehydrogenase. 

The effects of ethylene-dibromide vapour 
have similarly been studied. Evidence of 
tissue SH reactivity of ethylene dibromide 
tends to be contradictory," but the results 
indicated that im vivo there was a slow 
depletion of phosphoglycerate as resulted 
from methyl bromide exposure. However, 
quite unlike methyl bromide, ethylene 
dibromide caused no significant depletion 
of ATP, nor was there the direct muscular 
paralysis easily demonstrated in the methyl 
bromide-poisoned fly as the result of the 
ATP depletion.” 


Fic. 2. Radiochromatograms showing the effect of 

methyl bromide on the phosphorus distribution 

of the adult housefly. A—control, B—exposed to 
methyl bromide. 


activity 


R,O R-1-0 


4C-LABELLED POOLS 


The incorporation of #*P into the phos- 
phorus pools has successfully enabled many 
of the key intermediates of glycolysis to be 
determined. The central role of ATP in 
nerve and muscle function, synthesis, etc.) 
gives added importance to the method, 
because it enables the synthesis and break- 
down of this nucleotide to be determined 
quantitatively. However, many key inter- 
mediates of oxidative metabolism, protein, 
fat synthesis, etc. do not contain phosphorus 
and cannot be studied in this way. Attention 
was therefore given to the possibility of 
labelling organic pools with carbon-14. 
This has been accomplished by injecting 
2-4C acetate as the primary substrate into 
the adult housefly. This substrate was 
chosen because of its ubiquitous and central 
metabolic role. There is accumulating 
evidence that glycolysis and carbohydrate 
oxidation in insects and in vertebrates are 
not fundamentally different.“ 14 1) 


The radio paper-chromatographic analysis 
of the C-labelled acid-soluble fractions 
recovered from the thoracic tissues of the 
adult housefly 5 h after injecting it with 
2-4C acetate is illustrated in Fig. 3. In the 
acid-acetone solvent (A) five major “parent” 
fractions were resolved. The first fraction 
(R,O) largely disappeared from extracts 
which had been centrifuged hard and 
probably consisted mainly of labelled protein 
in suspension. The third fraction appeared 
to be labelled glutamine (Gl). The fourth 
fraction was resolved into four constituent 
fractions by running in an aqueous phenol 
solvent (B), the two largest fractions having 
been identified as free glutamic acid (Gt) 
and proline (Pr). The last “parent’’ fraction 
was further resolved in an acid propanol 
solvent (C) into four further fractions. 
The two poorly resolved fast-running major 
fractions have not been identified. Of 
particular interest was the fact that the 
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second very small fraction cochromato- 
graphed exactly with added acetylcholine, 
and the mixture could not be resolved by 
repeated chromatography in acid solvents. 
The acetylcholine fraction (AcCh) was 
readily assayed in the 47 counter mentioned 
earlier. This immediately suggested a sensi- 
tive method for comparing the levels of 
acetylcholine in the tissues of control and of 
poisoned flies, and it has now been success- 
fully used for studying the action of poisons 


It is not the purpose of this contribution 
to suggest that the biochemistry of drug 
action is due for a spectacular advance. On 
the contrary, many of the results so far 
obtained by these techniques have been 
largely confirmatory of classical work. It is 
hoped, however, to have demonstrated 
that by the suitable combination of radio- 
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+water 


t 


Elute and 
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Formic acid 
+ acetone 
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CONCLUDING COMMENT 


Elute and 
reconcentrate 


which are believed to exert their effects by 
inducing an acetylcholine accumulation. 
Some preliminary results of interest were 
that in flies severely poisoned with the potent 
anticholinesterase, dizsopropyl phosphoro- 
fluoridate, the tissue acetylcholine rose at 
first but then fell to a normal value long 
before death of the insect occurred. There 
was, similarly, evidence of a disturbance in 
amino-acid metabolism resulting in the 
accumulation of glutamine. 


isotope, paper chromatographic, and_ bio- 
logical techniques the biochemist has some 
powerful tools for getting a much more 
integrated picture of toxic mechanisms in the 
intact animal. 
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Fic. 3. Radiochromatographic analysis 
of “C-labelled intermediates extracted 
from adult houseflies injected with 2-4C 
acetate. A—parent radiochromatogram, 
B and C—resolution of composite frac- 
tions. Abbreviations: Gl—glutamine, Gt- 
glutamic acid, Pr—proline, AcCh— 
acetylcholine]. 
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The behaviour of separately labelled #C and ™I rat total plasma proteins has been 
studied in groups of rats with essentially similar results. In general, only a limited amount of 
information can be obtained in this way, and further studies have therefore been made with 
131J-albumin and globulins of demonstrated purity. After a preliminary equilibration period, 
plasma protein specific activities declined in a truly exponential way with the rate for albumin 
more than twice that for y-globulin. The significance of these rates is discussed and analysed 
mathematically, with special reference to the mass ratio of a protein in intravascular and 
extravascular compartments. Two new methods are proposed for giving information relevant to 
this, one based on rates of urinary excretion of #8! and the other on determinations of total 
activities in the extravascular compartment. From the shape of urinary excretion curves it is 
deduced that metabolic breakdown of albumin and y-globulin occurs mainly, if not exclusively, 
in the intravascular compartment, and from general urinary and plasma specific activity results 
it is concluded that these proteins are metabolized by essentially independent processes. An 
illustration is given of the use of total body y-radiation measurements in studying the meta- 


bolism of 181]-plasma proteins. 


Comportement des protéines plasmatiques du rat marquées a MC et #1] 


On a étudié sur des groupes de rats le comportement des protéines du plasma du rat 
marquées soit a 1’!I soit au #C et on a obtenu des résultats essentiellement identiques. 
En général, on ne peut obtenir de cette fagon qu’un nombre restreint de données; des travaux 
ultérieurs ont été menés par conséquent, avec des globulines et de l’albumine de pureté 
éprouvée et marquées a 1”!91I, Aprés une période d’équilibre initiale, les activités spécifiques 
des protéines du plasma deécroissent absolument exponentiellement avec une vitesse au 
moins deux fois plus grande pour l’albumine que pour la globuline. On discute de la signifi- 
cation de ces vitesses, et on en fait l’analyse mathématique relativement a la répartition d’une 
protéine dans les espaces intra et extra vasculaires. On présente deux nouvelles méthodes qui 
donnent des renseignements a ce sujet; l’une est basée sur les vitesses d’élimination urinaire 
de 18!J, l’autre sur les déterminations des activités totales dans l’espace extra-vasculaire. De 
la forme des courbes d’élimination urinaire, on en déduit que la destruction métabolique de 
la globuline et de l’albumine se produit essentiellement, si ce n’est exclusivement, dans l’espace 
intra-vasculaire; des résultats d’ensemble sur les activités spécifiques plasmatique et urinaire, 
on en conclut que ces protéines sont métabolisées suivant des processus essentiellement indé- 
pendants. On donne un exemple de ce qui peut étre obtenue de l’utilisation des mesures de 
rayonnement de tout le corps pour I’étude du métabolisme des protéines du plasma marquées 
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TOBOpA, HeMOJHbIe aHHble NOITOMY ObLIM 
BABOe MpeBOCXOAMT CKOPOCTh yMeHbUIeHMA aKTUBHOCTH Jlaerca 
oOmeii akTuBHocTu BHe cocyyoB. Ilo dopmMe KpuBEIX 
paspylleHve aJbOyMuHa M PriaBHEIM OOpasom, 
eCIM He BHYTPH COCYOB M Ha OCHOBAHUM AaKTMBHOCTH 
HesaBUCHMEIX Mporeccos. JlaercA IpuMep U3sMepeHnii 


Verhalten von C- und }!J-markierten Plasmaproteinen bei Ratten 


Plasmaproteine, die mit 14C oder 11J markiert wurden zeigten bei Versuchen mit Ratten 
wesentlich gleiches Verhalten. Im allgemeinen kénnen auf diese Art nur begrenzte Erkennt- 
nisse gewonnen werden. Die weiteren Versuche wurden deshalb mit !*!J-markiertem Albumin 
und Globulin durchgefiihrt. Nach einem vorlaufigen Gleichgewichtszustand nehmen die 
spezifischen Aktivitaten exponentiell ab, wobei die Abnahmerate von Albumin mehr als 
zweimal so groB ist wie jene von y-Globulin. Die Bedeutung dieser Tatsache wird diskutiert 
und mathematisch behandelt, mit spezieller Bezugnahme auf das Massenverhialtnis der 
Proteine im intra- und extravaskularen System. Es werden zwei neue Methoden angegeben 
um diesbeziigliche Informationen zu erhalten. Eine beruht auf der Messung der Harnaus-: 
scheidungsraten von }81J, eine zweite auf der Bestimmung der Totalaktivitaten im extra- 
vaskularen System. Aus der Form der Harnausscheidungskurven wird abgeleitet, daB der 
Stoffwechselzusammenbruch von Albumin und y-Globulin hauptsachlich, wenn auch nicht 
ausschlieBlich, im intravaskularen System stattfindet. Aus den allgemeinen Resultaten der 
spezifischen Aktivitaten von Harn und Plasma wird geschlossen, da8 der Stoffwechsel dieser 
Proteine durch wesentlich unabhangige Prozesse vollzogen wird. AbschlieBend wird ein 
Uberlick aber den Gebrauch der Gesamtkérper-y-Strahlungsmessung beim Studium des 
Stoffwechsels der 1°1J-Plasmaproteine gegeben. 


Fink, ENNs, KIMBALL, SILBERSTEIN, BALE, 
and does not entirely 


IF animals are allowed to ‘make their own 
labelled plasma proteins from labelled amino 


acids the subsequent behaviour of the 
proteins is difficult to follow because the 
labelled amino acids are continuously reused. 
It is now generally agreed that the best 
method of overcoming this difficulty is to 
transfer labelled molecules, shortly after 
they are made, to a second unlabelled 
animal. This method, which was first 
introduced by Hevesy and Haun”) in 
the study of plasma phospholipids and later 
used in the study of plasma proteins by 


eliminate recycling of the label, but reduces 


it to negligible proportions. It is un- 
avoidably wasteful of labelled amino acids 


_since less than 2° of the label appears in the 


circulating proteins of the donor animal. 
With the advent of biosynthetically labelled 
amino acids of high specific activity, and at 
reasonable cost, the method has been used 
on rats by Apsou and Tarver, on 
rabbits by Dovey, Hotitoway, Prxa, 
HumpuHrey, and McFarrane), and on 
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humans by VoLwILer, GoLDswortuy, Mac- 
Martin, Woop, Mackay, and FREMONT- 
SmiTH'®), 

The only alternative procedure for most 
purposes is to use in vitro labelling of plasma 
proteins with J. This has been criticised 
by Berson, YALow, SCHREIBER, and Post”), 
VoLwILeR ef al.‘®, and Masourepis and 
BEECKMANS'®), and numerous attempts have 
been made to reduce undesirable side-effects 
which may accompany the iodination. In 
one such recently described method in 
which the mean ratio of iodine to protein 
is kept below 1 atom per molecule, steps 
are taken to ensure that the label is spread 
evenly throughout the population of protein 
molecules. The behaviour cf rabbit plasma 
proteins iodinated in this way has been 
shown to be substantially the same as 
M4C-labelled plasma proteins injected into 


the same rabbit". Because of significant 
chemical differences in plasma proteins of 
different species, it may not be assumed 
that plasma proteins of another species 
iodinated in this way will necessarily show 
the same behaviour. We have therefore 
iodinated rat plasma proteins by this pro- 
cedure, and describe below a comparison 
of their behaviour in the rat with that of 
4C rat plasma proteins. Following a 
demonstration of general similarity in 
behaviour of plasma proteins labelled by 
both methods, the different behaviours of 


purified J-labelled rat albumin and . 


globulin are described in greater detail. 
Finally, a method of studying plasma 
protein metabolism, based on measure- 
ments of total body y-radiation arising 
from injections of 1*J-proteins, is illus- 
trated. 


EXPERIMENTAL 


Animals: Unless stated otherwise, male hooded 
rats of the Rowett Institute strain were used, 3 
months old at the time of injection and weighing 
275 to 355g. Litter mates were randomized by 
weight within the various treatment groups in each 
experiment. 

The animals were housed individually in meta- 
bolism cages as for nitrogen balance experiments, 
and kept in a thermostatically controlled room 
(27°C). Diet and daily feeding routine were those 
employed in previous experiments by CAMPBELL, 
SHarp, Boyne, and CuTusertson™), The urine 
was separated from the faeces by a Hopkins separator 
arrangement, but the faeces were not included in 
the analysis. Flasks for the collection of urine 
contained 5ml 0-2NH,SO,, and the funnels 
were washed down daily first with 10 ml distilled 
water and then with approximately 5 ml 0-2 NH,SO,. 
During injection and blood sampling the animals 
were always placed over filter paper so that any 
urine passed during these occasions could sub- 
sequently be washed out of the paper after preliminary 
soaking overnight in a small quantity of acidulated 
water. The resultant liquids were then added to the 
appropriate urine sample. 

Each 24-hr urine sample plus washings, if any, was 
filtered through a Whatman No. | paper, and made 
up to a total volume of 50 ml with distilled water. 
According to the number of animals used in each 
treatment group an aliquot was taken from each 
urine sample, so as to give a total volume of 3 ml 


from each treatment group for the measurement of 
specific radioactivity. 

Preparation of 14C-labelled plasma proteins: 5 mg (500 
uc) @C-Chlorella protein supplied by The Radio- 
chemical Centre, Amersham, Bucks, was given by 
stomach-tube to a 300 g male albino rat under ether 
anaesthesia. 6 hr later nembutal was given intraperi- 
toneally and approximately 10 ml blood were taken 
from the carotid artery directly into oxalate. The 
plasma was dialysed in the cold after addition of 
0-25 g mixed carrier amino acids obtained by HCl 
hydrolysis of rabbit-plasma proteins and_ supple- 
mented with urea, glucose, and tryptophan®). The 
phosphate saline outer fluid containing heparin 
was changed daily for 4 days, to remove the last 
traces of #C-amino acids. The final solution con- 
tained 210 mg protein with a mean specific activity 
of 0-032 wc/mg carbon. Each rat received 4-7 mg 
protein (0-075 wc), made up to 0-5 ml with 0-9% 
sodium chloride. 

Preparation of 11J-labelled plasma proteins. 3 ml 
protein solutions, containing preferably 150 to 200 mg 
protein were mixed with 1-5 ml glycine buffer made 
up by dissolving 0-6 g glycine in 8 ml 5-85% (w/v) 
NaCl and adding 2 ml N NaOH. This was forced 
through a fine jet into a counter-stream of 1 ml #7! 
solution prepared immediately beforehand by adding 
one drop of N HCI to a solution containing 0-15 mg 
NalO, and 0-40 mg Nal and any desired activity of 
carrier-free 0-5 ml of 1-:75% NaI was then 
added, and the mixture transferred to an amberlite 
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VOL. EFFLUENT mil 
Fic. 1.—Curve of ultra-violet absorption of effluent 
from acetylated cellulose column after bulk electro- 
phoresis of (a) rat serum, and (b) rat globulin 
prepared by sodium sulphate precipitation. Shaded 
areas show fractions selected for iodination. 


IR4B column, buffered with histidine to pH 6-5, 
and saturated with NaCl. About two-thirds of 
the activity was retained as iodide in the resin, and 
the protein solution which passed through contained 
less than 1-5°% of its total activity in a diffusible form 
or as activity not precipitable with 10% trichloro- 
acetic acid in the cold. 

Preparation of proteins by electrophoresis. 3 ml serum 
were dialysed overnight against borate buffer pH 8-60 
pe = 0-05, and then carefully pipetted on to a column 
of acetylated cellulose 25 mm diam. and 38 cm long. 
Electrophoresis was carried out, using a current of 
22 mA for 24 hr. Fig. la shows the ultra-violet 
absorption curve of the effluent; regions in which 
albumin and y-globulin were collected are indicated. 
The solutions were pressure-dialysed to remove 
borate and to bring the volumes down to 3 ml for 
iodination, Paper electrophoresis showed the 
fractions to be homogeneous. 50 to 100 mg albumin 
were recovered, but seldom more than 15 mg 
y-globulin. The y-globulin before iodination in 
experiment 174 was supplemented with another 
25 mg y-globulin prepared from rat serum by 
precipitation and reprecipitation in 13-5% sodium 
sulphate. This material contained f-globulin, but no 
albumin when examined by paper electrophoresis. 


5A 


In experiment 177 a rather different method of 
preparing the globulin fraction was used. A crude 
globulin precipitate was obtained from rat serum in 
18°, sodium sulphate, and reprecipitated twice in 
10° sodium sulphate. After it was dialysed against 
borate buffer, an insoluble material was spun down 
and discarded. ‘The slightly opalescent solution 
(120 mg protein in 3 ml) was separated overnight by 
electrophoresis on cellulose, the clear effluent giving 
an asymmetrical main boundary from which were 
collected “*f”’ and “‘y’? components as shown (Fig Ib). 
After iodination, albumin f and y fractions were 
separately examined by electrophoresis on paper, and 
a continuous record of radioactivities along the 
strips is shown in Fig. 2. Characteristic “‘tailing” of 
albumin is visible, and should not be taken to mean 
that this fraction is impure. f and y» components 
have different mobilities, and appear for the most 
part to be different proteins, although from the 
shape of the main boundary in Fig. 1b we expected to 
find that each fraction was a mixture. 

Injections and bleedings. Labelled proteins in 0-5 ml 
isotonic solutions were injected into the thigh vein, 
and the first sample of blood withdrawn from the 
tail vein into a heparinized syringe 14 min later. 
For these operations, animals were lightly anaes- 
thetized with ether, it having been previously shown 
that this does not affect plasma protein specific 
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Fic. 2.—Automatic record of radioactivity on paper 

strips from simultaneous electrophoresis of albumin, 

f-, and y-globulin fractions which were separated by 

bulk electrophoresis and then iodinated. The broken 

line shows position at which protein solutions were 
applied to the paper. 


20 
y | | 
(a) 
O5 
y 
20 / 
15 
\ 
A> 
05 
IO 120 150 oO 2I0 240 
Ole | 
6 
| 
‘ALBUMIN 
| 
| 
| 
| 
= 


70 R. M. Campbell, D. P. Cuthbertson, C. M. Matthews, and A. S. McFarlane 


activities or }8!] excretion rates. Tails were dipped in 
warm water (40 to 45°C) for 1 to 14 min before blood 
withdrawal. Bleedings were taken regularly at the 
same time every second day for 3 to 4 weeks. 
Where the figures show daily bleedings, alternate 
samples of blood were taken from duplicate groupseach 
on a 2-day bleeding routine. 0-25 ml heparin plasma 
samples from members of a group were pooled. 

Fractionation of plasma samples. 0-8 to 1-5 ml 
heparinized plasma were made up to 5-0 ml with 
0-9°,, sodium chloride. Fibrinogen was twice precipi- 
tated by addition of 27° (w/v) sodium sulphate, to 
give a concentration of 10%. Precipitates were then 
dissolved in 10 ml 0-9°, NaCl, and clotting was 
induced at 37° by addition of 0-05 ml of 0:5% 
protamine sulphate and 0-05 ml of 0-5°, thrombin. 
Fibrin clots were washed with saline and water, and 
dissolved in N NaOH for scintillation counting. 
Impure y-globulin was precipitated from the first 
supernatant by increasing the concentration of 
Na,SO, to 18% and reprecipitating at 1694. Albumin 
was contained with other things in the supernatant 
from the 18°, precipitation, and further purification 


was not attempted. Electrophoretic analysis in the 
Tiselius apparatus shows the albumins to contain 
10% of « + #-globulins, and the y-globulin to contain 
up to 20° « + f-globulins. Prior to C-assay, 
albumin and y-globulin fractions were coagulated by 
heating to 100° with 0:-1.N acetic acid, and the 
precipitates washed twice with water, once with 
ethanol and finally with ethanol-ether (3 : 1). 

Measurement of specific radioactivities. 4C-assay was 
by combustion of 5 mg samples of dry protein and 
measurement of the purified 4#CO, in a proportional 
counter, as described by BRADLEY, HoLLtoway, and 
The weight of carbon in the 
gas sample was estimated manometrically, and 
protein specific activities are expressed as 
counts/min/mg carbon. 11]-assay was by y-radiation 
measurement of liquid samples in a_ well-type 
scintillation counter of conventional design. Protein 
estimations were done on aliquots of solutions 
used in the scintillation counter by the biuret 
method of GorNALL, BARDAWILL, and Davip"®), 
and specific }!I-activities are expressed as puc/mg 
dry protein. 


RESULTS 


Comparison of and ‘C-labelled Total 
Plasma Proteins 

In a similar comparison of labelled 
plasma proteins in rabbits significant varia- 
tion in behaviour of the same label in 
different animals was observed, and _ this 
made it advisable to carry out the com- 
parison in the same rabbit. For various 
reasons, this was not considered practical in 
the rat, and instead, two groups of 16, each 
made up of litter mates, were used per 
experiment—each group receiving one kind 
of labelled protein. In addition, within the 
group, half the animals were bled on alter- 
nate days. Specific radioactivity measure- 
ments on pooled plasma samples from each 
half were found to fall on smooth curves, 
indicating satisfactory reproducibility of 
behaviour of the labelled protein within 
each half of the group (Fig. 3). 4C-specific 
activities were too low after 15 to 20 days to 
permit accurate measurement, whereas 131]- 
activities could be followed for another 10 
days. Over a period of 7 to 8 days there is 
good general agreement in the behaviour of 
the two labels, although, as will appear, this 
is mainly fortuitous. The steeper slope of the 


curve in the first 48 hr is due primarily to 
redistribution of labelled molecules in plasma 
and lymph spaces, and is followed by a 
slower process of metabolic elimination. 

Plasma protein specific activities are not 
directly affected by the elimination process, 
which is not known to have any discrimina- 
ting features, but by the associated process 
of replacement with new unlabelled mole- 
cules, which is necessary to maintain equili- 
brium. Since small blood samples are 
withdrawn, the system is not wholly in 
equilibrium, however, and corrections are 
necessary for extra synthesis of plasma 
protein to make up for lost plasma. These 
will be discussed later with other corrections, 
but do not affect the present comparison of 
the two labels. In the interval between 2 and 
7 days, and are almost linear 
and parallel, and have a mean slope corre- 
sponding to a half-life of approximately 70 hr. 
Thereafter, curvature increases in both, the 
change being more marked in the case of 
14C-proteins. 

Also in Fig. 3 is shown the curve of 
24-hr urinary elimination of the 14/1 label. 
Throughout its course this curve follows 
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Fic. 3.—Specific radioactivities 
and 24 hr urinary I elimination 
curves after injecting 44C- and 
131]-Jabelled rat plasma into sepa- 
rate groups of rats. Excretion 
rates are derived by expressing 
24-hr activity in the urine as a 
percentage of mean prevailing 
activity in the plasma over the 
24 hr of urine collection: values 
are plotted against urine collection 
times (experiments 155 and 166). 
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generally the shape of the plasma protein 
specific activity curve of the same animals, 
suggesting that urinary 1811 comes principally 
from the breakdown of }*'I-protein in the 
circulating plasma. If it came from lymph 
protein, the curve would have a slope 
complementary to that of the plasma curve 
in the preliminary period of lymph-plasma 
equilibration, and if it came proportionately 
from each compartment, it would show no 
signs of the equilibration process. This view 
suggests that daily urinary output may 


usefully be expressed as a percentage of 
mean total plasma activity prevailing over 
the corresponding 24-hr period of urinary 
collection. The mean specific activity is 
obtained from the plasma protein specific 
activity curve by integrating the area under 
a 24-hr section of the curve and dividing by 
time. To find mean total activity requires 
also information about the total mass of 
circulating protein. Averaged over the 3 
weeks of Expt. 155, the rats were growing at 
a mean rate of 0-7 to 0-8°% of their initial 
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weight per day, and we may assume as an 
approximation that the rate of plasma 
protein increase is the same. By analysing 
an assortment of plasma protein measure- 
ments made by isotopic dilution on 60 to 70 
rats in the weight-range 250 to 350g, we 
found these to have 2-40 + 0-25 mg plasma 
protein per g body-weight. Calculations 
using this ratio and specific activities in 
Fig. la show that the animals excreted 
approximately 56°, of their circulating 
plasma activity daily in the urine in the first 
few days, and subsequently the rate declined 
steadily to approximately 40° at 23 days. 
No similar information about the rate of 
metabolism of “@C proteins is obtainable, 
since the label, unlike is largely 
reused, final elimination being mainly as 
respiratory CQ,. 


Comparison of C- and 131J-labelled Indwwidual 
Plasma Proteins 

It is evident from the curves in Fig. 3 
that we are not concerned with single 
metabolic rate processes, as might indeed be 
expected from the known heterogeneity of 
plasma proteins, and the next step, therefore, 


EXPTS 
ISS 166 


GLOBULIN 
t= 14Shr. 


SPECIFIC ACTIVITY 


was to fractionate plasma samples and 
measure specific activities of albumins and 
globulins separately. The results are shown 
in Fig. 4 and indicate that fibrinogen, 
albumin, and y-globulin are metabolized at 
approximately constant exponential rates 
corresponding to uncorrected half-lives of 
approximately 30, 75/85, and 145/155 hr 
respectively. There is general agreement 
between values for the same protein obtained 
with both labels over the maximum permis- 
sible period of measurement. 


Urinary Excretion After Injecting }*\I-purified 
Proteins 


No urinary 1!I information is available 
for single proteins after injecting labelled 
plasma since separate contributions made by 
them to the urinary pool are unknown. 
This information can only be obtained by 
labelling and injecting single proteins into 
different groups, and for this purpose we 
considered it advisable to use protein 
preparations having a high degree of electro- 
phoretic homogeneity. Rat albumin and y- 
globulin prepared by bulk electrophoresis 
on cellulose columns were iodinated and 


Fic. 4.—Specific radioactivity 
of “albumin” and “globulin” 
salt fractions of rat plasma 
and of fibrinogen after inject- 
ing @C- and }!J-labelled rat 
plasma into separate groups of 
rats (experiments 155 and 166). 
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Fic. 5.—Specific 4I activities of 
rat plasma proteins after injecting 
solutions of 11J-labelled albumin 
and y-globulin and a mixture of 
equal volumes of the two into 
different groups of rats. 24-hr 
urinary 1] activities are shown 
for the same animals and derived 
curves of urinary excretion rate, 
i.e. 24-hr activity expressed as per 
cent of mean total activity in 
plasma. In the special case of 
rats receiving y-globulin, a curve 
of retained activity (injected acti- 
vity less cumulative urinary, 
faecal, and blood-sample acti- 
vities) is shown and also one of 
urinary excretions expressed as 
percentages of total retained acti- 
vities. Carrier iodide was present 
in the drinking-water after the 
eighteenth day (experiment 174). 
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injected separately into groups of six rats, 
while a third group of six received a mixture 
of the two in known proportions. The effect 
of adding carrier iodide to the drinking- 
water after the eighteenth day was also 
examined. 


HOURS FROM TIME OF INJECTION 


Specific activity measurements in this case 
(plasma radioactivities per mg total plasma 
protein) should be highly accurate, since the 
possibility of selection, which exists when 
plasma samples are fractionated, is not 
present. Both albumin and globulin plots 
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URINARY EXCRETION RATES (‘activity in plasma) 
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Fic. 6.—Specific 14I activities of rat 


B-GLOB. plasma proteins after injecting 1I-label- 
hg 78hr led albumin, and y- globulin fractions 


into different groups of rats maintained 
throughout on sodium iodide drinking- 
water (experiment 177). 
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are linear from the ninth day onwards 
(Fig. 5), whereas the plot of the mixture is 
curved throughoux its entire course, as is to 
be expected from the fact that the sum of two 
exponential processes cannot itself be an 


exponential function. The urinary elimina- 
tion curve is almost parallel to the plasma 
protein specific activity curve in the case of 
albumin. In the case of globulin it is also 
approximately linear, but divergent from the 
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plasma protein specific activity curve, while 
in the case of the mixture it is curved 
throughout. The urinary excretion rate for 
albumin was 45 to 50% until iodide was 
given in the drinking-water, but declined 
steadily for globulin from 18 to 13% in 
eighteen days. As might be expected, the 
mean excretion rate for the mixed proteins 
was high (30%) at the beginning, when 
urinary ™!J was coming mainly from the 
breakdown of albumin, and lower (17% at 
eighteen days) when the proportion of 
labelled globulin in the plasma was greatly 
increased. 

Carrier iodide in the drinking water had 
negligible effects on plasma protein specific 
activities, but gave rise to transient increases 
in urinary eliminations. The effect was more 
prolonged on urinary excretions from animals 
receiving albumin and raised their excretion 
rate from 50 to 70%. However, total 
activities in the animal (especially of albumin) 
were so low at this late stage that the addi- 
tional !5!J appearing in the urine in a week as 
a result of introducing carrier iodide was 
less than 1% of the injected dose. 

To see whether a more significant effect 
might result from using large doses of 
carrier iodide at an earlier stage, an entirely 
similar experiment was performed with 
131]-albumin and 1!°!J-y-globulin in groups of 
rats which were placed on 400 mg/litre 
Nal in the drinking water for five days 
before and throughout the investigation. 
The curves obtained (Fig. 6) were similar 
to those shown in Fig. 5. Albumin and 


globulin half-lives showed no important 


differences, but urinary elimination rates of 
albumin animals may be significantly in- 
creased. A third group of rats receiving 
131]-8-clobulin was included. This group 
showed an unusually large initial fall in 
plasma protein specific activity accompanied 
by an outpouring of label in the urine 
equivalent to more than half the injected 
dose in the first day. The half-life measured 
after the seventh day was intermediate 
between those of albumin and y-globulin. 

It became evident in the course of these 
experiments that extreme care is necessary 
to obtain quantitative recovery of activity 


injected into rats, and that much of the work 
involved might be circumvented by a 
radically different approach, viz. by daily 
measurements of retained activities based 
on total bedy y-radiation measurements. 
We conclude with a brief description of a 
ring arrangement of counters with which we 
have carried out measurements of 1! 
activities in rats receiving 1!I-proteins from 
the stock solutions used in experiments 174 
and 177, 


Ring-counter Measurement of Metabolic Turnover 
of 131 Proteins 

Groups of rats in a perforated basket were 
placed in the centre of a ring of four or 
eight y-counters, as shown in Fig. 7. The 
counters were matched twentieth century 
tubes, type G-10-Pb. Pulses were fed 
directly to an A.E.R.E.-type 1138A rate- 
meter. The counters are held in thin brass 
sleeves which are part of a brass ring placed 
inside a fluted lead chamber of }-in. wall 
thickness. Background was 2-6 counts/sec, 
and was measured with the perforated basket 
in position before each animal count. Sensi- 
tivity was 20 counts/sec for 1 wc I in a 
volume of water equal to the volume of 
eight rats. Four to eight rats packed without 
difficulty into a reproducible volume in the 
basket with gentle pressure on the piston- 
type lid, while with less than four rats the 
count depended on their arrangement. 
For measuring total activities in the range of 
approximately 15-400 wc, it was necessary 
to use one or more concentric cylindrical 
lead filters of }-in. wall thickness. 

Hooded male rats in the weight range 
200 to 260g, and bred at the National 
Institute for Medical Research, were used. 
Groups of eight were injected intravenously 
with 13!]-proteins, as in earlier experiments. 
Fig. 8 shows the y-radiation readings 
obtained over three weeks. The curves are of 
the expected general character, i.e. similar 
to the retained dose-curve shown in Fig. 5, 
but with some unexpected features. 
(a) Curves from rats receiving }!J-albumin 
are approximately linear up to the ninth day 
and highly curved thereafter. (b) Curves 
from rats receiving !3!J-y-globulin have slight 
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Fic. 7. Plan and elevation of ring 
arrangement of y-counters for 
measuring total body radiation 
from groups of rats. 


Brass holding ring 


Removable container 
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y-radiation from rats 


GM. Counter - 
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Fic. 8.—Total body y-radiation from groups of rats 
after injecting 111 protein solutions. Symbol, total 
activity injected, and mean body weight per rat are: 


Experiment RC-174. 
© albumin 20 pwc (240 g) 
+ y-globulin 15-8 wc (237 g) 
x 11.6 wc albumin + 7-75 yc y-globulin (225 g) 


Experiment RC-177. 
© albumin 63-2 yc (238 g) 
+ y-globulin 48-3 wc (230 g) 
x 5-07 wc albumin + 2-38 yc y-globulin (228 g) 
f-globulin 63-4 yc (230 g) 

Activities are expressed as percentages of an initial 
measurement made immediately after injection. 
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curvature at first increasing markedly about 


plasma protein specific activity in other 


the ninth day. (c) At all stages the decline of animals which previously received the same 


retained activity is more rapid than of 


131] -protein. 


DISCUSSION 


and Labels 

It has been shown in rabbits", that 
plasma albumin and globulin specific activity 
semi-log plots are linear after six days, 
with the half-life of albumin only slightly 
longer than that of globulin, and that the 
plot for total plasma protein is also approxi- 
mately linear with an intermediate half-life. 
The present investigation started with the 
assumption that a similar state of affairs 
might obtain in the rat, and if so it would 
suffice to restrict the comparison of 1}! 
and 14C labels to the behaviour of total 
plasma proteins. It was soon evident that at 
no stage over the periods of observation 
used with either label were the total plasma 
protein curves truly linear. Fractionation 
of plasma samples with sodium sulphate and 
measurement of separate specific activities of 
albumin and y-globulin showed their plots 
to be approximately linear with albumin 
half-life less than half that of y-globulin. 
A difference of this magnitude and in this 
sense may be unique among animals whose 
plasma proteins have so far been investigated 
since a recent survey of the literature‘) 
shows that albumin is almost invariably re- 
placed at a rather slower rate than globulin. 

Since albumin comprises 60°, of rat total 
plasma proteins and y-globulin only 10%, 
the initial replacement rate of the label 
should be mainly due to replacement of 
albumin. After three weeks, however, when 
the concentration of labelled albumin in the 
plasma has fallen much more than that of 
globulin, the rate should be as much as that 
of globulin. In addition, albumin gets dis- 
proportionately more of the label than 
globulin when whole rat plasma is iodinated. 
Whereas in “C plasma six times more 
activity is associated with albumin than with 
y-globulin, in the case of !1I rat plasma the 
factor is nearer 10. Therefore the curve of 
131] total rat plasma protein replacement 


(Fig. 3) must be almost entirely that of 
albumin replacement, whereas in the case of 
MC total plasma protein the contribution of 
4C globulin should be significant, especially 
in the later stages. This offers an adequate 
explanation for the different slopes of !°!J and 
MC total plasma protein specific activity 
curves after seven days, and is supported 
by the observation that similar differences 
are not apparent in later sections of the 
replacement curves for individual proteins 
(Fig. 4). 

It is not possible to reconstruct fully the 
curve for total plasma protein specific 
activity from a _ knowledge of specific 
activities of albumin and y-globulin fractions, 
since other proteins are discarded in the 
fractionation. An alternative is to compare 
the behaviour of these proteins individually 
with that of an artificial mixture of the two 
in known proportions, as we have done in 
experiment 174. It is evident in Fig. 5 
that the albumin + globulin specific 
activity curve lies closer to that of albumin in 
the first few days and to that of globulin in 
the last few days, and little doubt can be 
entertained that the two proteins are being 
metabolized and replaced by independent 
processes. 


Apparent Replacement Rates of Individual 
Proteins 

Half-lives derived from C or !*'I specific 
activity curves for individual proteins are 
subject to two corrections, arising from the 
fact that the animals were not entirely in 
plasma protein equilibrium. The rats used 
were growing (by 0-33 to 0-90% of their 
initial body weight per day over the period of 
the experiment) and therefore making 
plasma protein additional to that strictly 
required for metabolic replacement. Assum- 
ing plasma proteins to increase in proportion 
to body-weight, we should subtract the 
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growth increment from the observed replace- 
ment rate. In addition, the protein of 
plasma samples was equivalent to daily 
withdrawals of 0-31 to 0-41% per day from 
combined lymph and plasma pools, which 
are estimated to be 2-5 times as large as the 
plasma pool in the same animal. Since the 
animal makes good this loss by rapid synthesis 
of additional unlabelled protein, it is neces- 
sary also to subtract this from the observed 
replacement rate. 

When these adjustments are made, figures 
are obtained which still do not have a 
simple metabolic significance. As is be- 
coming increasingly realized"*1,  cor- 
rected half-lives represent partly metabolic 
breakdown and replacement and partly a 
measure of redistribution of activity between 
vascular and extravascular compartments 
which is going on even after eight days when 
the exponential decline of the curves suggests 
that true equilibrium has been achieved. 
This is so except in the unlikely event of 
metabolic breakdown occurring in both 
compartments in proportion to the amount of 
protein in each. Following these authors, we 
are bound to regard the linearity of the 
curves as more approximate than real, and 
therefore the figures obtained by dividing 
log, 2 by the corrected half-lives in days are 
referred to as apparent replacement rates (Table 
1). Measured in the period five to fifteen 
days, these are as follows—fibrinogen 54%, 
albumin 18:5 to 21%, and y-globulin 
8-55 to 10-35%, and within the ranges there 
is little evidence of significant differences 
between values measured with #C and 111 
labels. A general qualification must be made, 
however, arising from the fact that truly 


exponential apparent replacement of }1I. 


albumin and y-globulin was only observed 
after nine days. Immediately prior to this 
there is very slight curvature (cf. Figs. 5 and 
6), and half-lives measured in the period 
five to fifteen days are 5 to 8°% shorter than 
when measured over the period nine to 
twenty-one days. This does not affect the 
validity of the comparison of 4C and }!I 
labels, which had to be confined to the 
shorter period because of failing accuracy of 
measurements. 
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Urinary Excretion Rates 

Various means may be used to present 
data relating to excretion of 1I-activity in 
the urine after injecting 1°4J-proteins. This 
activity is not wholly associated with iodide, 
and in the male rat we find 2 to 3% associ- 
ated with protein. However, like most 
investigators, we have not tried to discrimi- 
nate. For reasons already stated, we have 
elected to express 1°] activities in the urine 
in each 24-hr period as a function of total 
activities prevailing in the plasma over the 
corresponding period. ‘This method of 
presentation reveals a high and approxi- 
mately constant excretion rate in the first few 
days after injecting 1'J-albumin when the 
total activity in the plasma is falling rapidly, 
and leads to the conclusion that metabolic 
breakdown of albumin is occurring mainly if 
not exclusively in close proximity to the 
vascular space. In subsequent weeks a 
small but definite increase occurs in the 
excretion rate in these animals. Urinary 
elimination from animals receiving !*!I-y- 
globulin is also satisfactorily constant in the 
first few days of lymph-plasma equilibration, 
but at less than half the rate for rats receiving 
131J-albumin, suggesting that metabolic 
breakdown of the two proteins occurs 
independently. This is supported by the 
fact that, in animals receiving a mixture of 
the two labelled proteins, the urinary 
elimination is at a high rate at first, when 
albumin activity predominates in the plasma 
and lower when most of the plasma activity 
is associated with globulin. 

The high rate of urinary !'I excretion on 
the first day after giving !I-f-globulin 
indicates that a considerable proportion of 
the label is attached to some part of this 
fraction which the animal will not tolerate. 
Both f- and y-globulin fractions were only 
recoverable in small amounts (13 and 20 mg.) 
after bulk electrophoresis, and thereafter 
received the same minimal amount of 
carrier iodine (ca. 0.20 mg) in the iodination 
procedure, corresponding to 3 atoms iodine 
per molecule of iodinated y-globulin 
(mol. wt. 160,000) and 2 to 4 atoms per 
molecule in the case of 6-globulin, depending 
on the mean molecular weight chosen. 
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These are higher levels than are ordinarily 
regarded as permissible without deleterious 
alteration of plasma proteins. It is surprising 
therefore that 151I activities in the first few 
days in the urines of rats receiving y-globulin 
iodinated at this level provided no suggestion 
that the protein had been adversely affected, 
especially since 6 atoms iodine per molecule 
in the case of rabbit y-globulin are known to 
increase urinary elimination and to reduce 
the half-life. To explain the high initial 
rate of excretion in the case of animals 
receiving !![-$-globulin, suspicion naturally 
falls on the labelling procedure. It should 
be borne in mind, however, that the 
stability of this protein is not so well de- 
fined as it is in the case of y-globulin, and 
that repeated precipitations with sodium 
sulphate, which may well affect its pro- 
perties, were used in’the isolation. That part 
of iodinated #-globulin which survived the 
first few days in recipient rats had a urinary 
131] excretion rate always intermediate 
between the rates for albumin and y-globulin. 
While the rate declined steadily, as it did in 


animals receiving iodinated y-globulin, 
the higher values throughout appear to 
preclude the possibility that any large amount 
of y-globulin was present in the f-globulin 
preparation. 

The urinary excretion rate in animals 
receiving y-globulin declines steadily, irre- 
spective of whether urinary activities are 
expressed as fractions of activities in the 
plasma or in the animal as a whole. If daily 
urinary activities are increased by 10% to 
allow for faecal excretion and losses incidental 
to urine collection, a balance sheet can be 
prepared in globulin rats (Table 2) which 
accounts for practically all the activity in a 
three-week period. The activity in a few 
faecal samples which were measured was 
equivalent to 3 to 5% of that in the urine. 
Daily balance sheets of this kind provided the 
time curve of retained activity for y-globulin 
rats shown in Fig. 5, and from it are derived 
mean total activities prevailing in the 
animals over the period of each 24-hr urine 
collection. The rate curve which is also 
shown presents urine activities as functions 


Tas.eE 2. Balance sheet per rat, excluding faecal excretion, after injecting 1*1I plasma proteins 


(1) 


Injected 


Experiment Injection activity 


No. Group (uc) 


Activity recovered | (3) 
in 20 days _ Proportion 
Estimated | of injected 
residual dose 
In blood _activity accounted 
samples for at 20 days 
(uc) (uc) (%) 


fa 131] plasma 
\b 181] plasma 


b 131] y-globulin 
c 1317 albumin + 
181] »-globulin 


a 131] albumin 
174 


131] albumin 126-5 
177 1b 2811 y-globulin 43-6 
lc B-globulin 17-6 


| 
| 


2-2 


775 
82 
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Injected activity 


(1) 


Protein specific activity at 14 min x body-weight , 


(2) Plasma protein specific activity at 20 days x mg plasma protein (cf. Table 1) x 2:5. 
(3) Injected activity — activity recovered in urine and blood samples — residual activity. Result expressed as per cent 


injected activity. 


VOL. 
1 
956/5' 
Plasma 
| 
g/body-wt. | 
(mg) 
o | 206 | 424 | 

2.29 91-9 63 

| | 
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of mean total activities, and again the rate 
declines as the experiment progresses. It is 
also significant that this curve has no constant 
level in the first few days such as is shown by 
the curve of urinary excretion expressed as a 
function of plasma activity. One explanation 
of the behaviour of y-globulin rats is that in 
spite of the electrophoretic criterion of 
homogeneity y-globulin, unlike albumin, 
contains a range of molecules having different 
metabolic rates. This is difficult to reconcile 
with the high degree of linearity shown by 
the plasma-protein specific activity curve, 
and further investigation is clearly required. 


Distribution Ratios 


The conventional isotopic method of 
obtaining extravascular protein mass in the 
body is to extrapolate the corrected plasma 
protein specific activity curve after the first 
few days to Ohr@”, The specific activity 
so obtained is taken to refer to a hypo- 
thetical lymph and plasma pool before 
any metabolic breakdown has had time 
to occur, and its ratio to the initial specific 
activity is assumed to give the mass ratio 
of protein in the intravascular compart- 
ment to that in the combined intravascular 
extravascular compartments. ‘The 
method unjustifiably assumes that redistri- 
bution ceases after a few days and that the 
specific activity of vascular extra- 
vascular protein is subsequently at all times 
the same. Values obtained in this way are 
3-7 to 40 (albumin) and 3-0 to 5-0 
(y-globulin). These may be rearranged to 
give ratios of protein masses in the lymph to 
those in the plasma, in which case they 
become 2:7 to 3-0 (albumin) and 2-0 to 4-0 
(y-globulin) (Table 1). They are much 
higher than is suggested by information 
derived from the analysis of organs and 
tissues. 

Consideration of a system of two compart- 
ments, limited to the case in which breakdown 
is occurring exclusively in one of them, shows 
that a maximum value for the ratio of the 
extravascular to intravascular protein masses 
can be obtained as follows. The apparent 
replacement rate is subtracted from the 
total excretion rate (assumed equal to 


6 


urinary excretion rate -+ 10%) and the result 
is divided by the apparent replacement rate. 
Values obtained, which we call activity 
distribution ratios, are 1-35 to 1-45 for albumin 
and 1-37 for y-globulin (Table 1). 

A different method for deriving the ratio 
of the pool masses is available, as the follow- 
ing considerations show. 

Although the total extravascular pool is 
known to consist of several pools of different 
masses with different rates of transfer from 
the plasma to each, the complexities of sucha 
system are such that we shall, in common 
with others, limit our treatment to consider- 
ation of a hypothetical equivalent extra- 
vascular pool. ‘Thus the system considered 
becomes one of two reversibly connected 
pools of protein with metabolic breakdown 
occurring in one only, viz. the one into which 
the labelled protein is injected. It is also 
necessary to assume (1) that total protein 
in each pool is constant, (2) that rates of 
protein breakdown, synthesis, and transfer 
are constant, and (3) that labelled protein 
is uniformly distributed throughout each 
pool. 

At time ¢ let 
= fraction of injected activity in intra- 

vascular pool. 


j = fraction of injected activity in extra- 
vascular pool. 


I = mass of protein in intravascular pool. 
J = mass of protein in extravascular pool. 
a 


= rate of metabolic breakdown of protein 
= rate of synthesis of protein. 


b =rate of transfer of protein which is 
equal in both directions between the 
pools. 


Then 


and 


Lie 
a 
Solving these differential equations 
A 
(2) 
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Vv (A, h, ++ A,)? 41,4,)) 
B= t+ 
Vv (A, hy + 41,A,)) 


As we have seen, it is evident experimentally 
that, after a steep fall in the first few days, 
the plasma activity decreases exponentially 
when plotted against time. Equation (1) 
can only give this result if one of the expon- 
ential terms becomes negligibly small. It is 
therefore assumed as an approximation 
that, after a certain time 7’, since fp > a, 


(7. (1A) 


Constant (3) 
= ‘activity distribution ratio’. 


Therefore the ‘apparent replacement rate’ ob- 
tained from the exponential part of the 
plasma-activity curve (0-693/half-life) is 
equal to the rate of metabolic breakdown"”?), 
The mass-distribution ratio obtained by 
extrapolation is equal to (6 — a) + (A, — «) 
which is not equal to (J + J) + J except as 
an approximation when + is much greater 
than a. di 

Let tm; and be the values of 2, 


and Zi respectively at the time at which 


d 
jis a maximum. Then, since = 0 at this 
time, 


(4) 
(5) 


At this critical time the specific activities of 
the two pools are equal and the rate of 
change of plasma activity is equal to the 
excretion rate. 

The total extravascular activity at any 
time can be found by subtracting the total 
plasma activity and the total activity ex- 
creted from the dose injected. Inserting the 
activity values in equation (4) gives the ratio 
of protein masses in the two pools. A more 
direct and possibly more accurate method 
would be to measure the total activity 
remaining in the animal by the body 
y-radiation method and to subtract the 
plasma activity. Frequent measurements 
are required near the maximum point, and 
unfortunately these were not made in this 
series of experiments. The time of maximum 
extravascular activity can be checked by 
drawing tangents to the plasma activity 
curve and applying equation (5). 

The ratio of total activities in the two pools 
follows from equation (3), and this also gives 
a maximum value for the ratio of total 
protein masses. This arises from the fact 
that after the activity in the extravascular 
pool has reached its maximum, the extra- 
vascular specific activity is higher than 
the intravascular value, a point which 
SoLtomon"!®) discusses. 

Concerning the limitation imposed by con- 
sidering only a single equivalent extra- 
vascular pool, equations (4) and (5) may still 
be approximately true if there are n extra- 
vascular pools reversibly connected with the 
intravascular pool, in which breakdown is 
occurring (open mammillary system). Equa- 
tion (4) becomes 


where & = sum for all extravascular pools. 
Assuming as an approximation that 


bj\ nb. nj 
= (7) = nJ 


where 5, j, and J are the arithmetic means of 
all the 6’s, j’s, and J’s respectively. 


82 
where 
a=F(A, +a, +4, 
Similarly after a time 7”, 
956/5 
> Teer 
di 
and -(4) = 7 = 
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Whether the approximation is permissible 
depends on the actual distribution of transfer 
rates and protein masses in the different 
extravascular pools. SHEPPARD and Hovse- 


HOLDER (1951)8®) discuss this question for a. 


closed mammillary system. 

The ratios of mass of protein in extra- 
vascular pool to mass of protein in intra- 
vascular pool obtained by applying equation 
(4) to the experiments described in this paper 
were 1-3 to 1-5 for y-globulin and 1-5 to 1-7 
for albumin. As this method was thought of 
after the experiment had started, only daily 
measurements were made, and so the results 
obtained are only approximate. We consider 
that any discrepancy between these values 
and the maxima obtained from activity- 
distribution ratios are within the experi- 
mental error. The times at which the 
extravascular activity is a maximum are 
2-0 to 3-0 days for globulin and 0-9 to 1-0 
days for albumin. 


Total Body y-radiation Measurements 


The technique of measuring the body- 
content of isotopes by total body y-radiation 
measurement has been much used on humans 
with the help of ionization chambers), 
Davies’) has developed a methcd using 
multiple counters, and ARnotT and 
have made measurements on laboratory 
animals with y-counters. So far as we know, 
the preliminary experiments described here 
represent a first attempt to use this method 
for studying the metabolism of 1%1I-proteins. 
It is evident that the method has great poten- 
tial value, but results must first be correlated 
with those obtained by counting plasma and 
urine samples. It is unfortunate that 
distance between the two laboratories in 


which the experiments were carried out 
prevented us carrying out routine y-radiation 
measurements on the rats used in experi- 
ments 174 and 177, especially in view of the 
unsatisfactory recoveries of activity in the 
albumin experiments (Table 2). Body- 
weight and nutritional history may well 
affect plasma protein turnover rates, but it 
would be surprising if the different half-lives 
observed, e.g. in the case of y-globulin 175 hr 
against an estimated 110 hr by y-radiatio.. 
measurement (Fig. 8) in the period eight to 
eighteen days, should prove to be explained 
entirely on this basis. The following con- 
siderations suggest that other factors may be 
involved. 

It is possible that a proportion of albumin, 
and possibly of all lymph proteins, may 
always be out of metabolic contact with the 
same proteins in lymph and plasma pools. 
If this should be so, excretion of }1I at any 
time will effectively be taking place from a 
pool of 11I molecules which is smaller than 
that represented by y-radiation measurement. 
The amount of activity in temporary meta- 
bolic isolation for this reason could diminish 
according to the shape of the plasma- 
protein specific activity curve, i.e. dis- 
proportionately rapidly at first, and the 
apparent half-life derived from elimination 
data or from measurements of retained 
activity would tend to increase as the 
experiment proceeds and to approach the 
true value. This suggests that true meta- 
bolic replacement rates may be slower than 
those measured with the ring counter 
or alternatively that ring-counter values 
represent true metabolic replacement rates 
but of a pool which may not include all the 
labelled protein in the animal. 


CONCLUSIONS 


(1) and !J-labelled rat plasma pro- 
teins have been found to behave in sub- 


~ stantially the same way in the rat. 


(2) The specific activity curve of total 
plasma proteins in rat plasma cannot at any 
stage be expressed as a single exponential 
function. 

(3) Curves for individual plasma _pro- 


teins are almost truly exponential in the 
period five to fifteen days after injecting 
labelled molecules. Measured half-lives are 
fibrinogen 30 hr, albumin 75 to 84hr, f- 
globulin 130 hr, and y-globulin 145 to 178 hr. 
When corrections are made for growth and 
plasma sampling, equivalent apparent 
replacement rates are approximately 54, 
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18-6 to 21, 11-6, and 8-5 to 10-3% per day 
respectively. 

(4) Constant exponential turnover rates 
have been observed and measured in the 
period 9 to 28 days after tracer injections. 
Half-lives are 5 to 8% longer than when 
measured in the period 5 to 15 days. 

(5) Carrier iodide in the drinking-water 
does not affect protein turnover rates. 

(6) 24-hr urinary excretion of 111 after 
*ajecting !I albumin is at first 45 to 50% of 
the mean prevailing activity in the plasma 
rising to 50 to 55% in three weeks. Corre- 
sponding values for f-globulin are 31%, 
falling to 21%, and for y-globulin 18-5%, 
falling to 13° in three weeks. The shape of 
the excretion curves in the first few days 
suggests that albumin and y-globulin are 
broken down mainly if not exclusively in 
close proximity to the circulating plasma. 

(7) Urinary and plasma data are inter- 
preted to mean that rat plasma proteins are 
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The Production and Clinical 
Applications of “I 


G. B. COOK,* J. EAKINS,* and N. VEALLT 
(Received 27 February 1956) 


The advantages of using iodine-132 instead of iodine-131 in clinical applications are 
discussed. Its use in diagnostic tests can result in a reduction of the radiation dosage to the 
patient by at least a factor of 15 and in some cases, of the order of 100. It is compared 
with iodine-131 in thyroid tests, in plasma-volume determinations, in haemodynamic studies, 
and in the localization of placental sites and its use, with iodine-131, in double tracer studies 
is considered. The production of tellurium-132, which is the mother substance of iodine-132, 
from the fission products of uranium is described, and a method is given for the separation of 
iodine from tellurium, using only simple, normally available apparatus. 


Production et applications cliniques de 1%°I 


On discute des avantages a utiliser l’iode 132 plutét que liode 131 dans les applica- 
tions cliniques. Son utilisation dans le diagnostic conduit a réduire la dose de rayonnement 
recue par le malade d’un facteur quinze, et dans certains cas d’un facteur de l’ordre de cent. 
On le compare a l’iode 131 pour les examens de la thyroide, pour les déterminations du volume 
plasmatique, pour les études hémodynamiques, pour la localisation des régions placentaires, 
et on considére son utilisation conjointement avec l’iode 131, pour les études a double traceur. 
On décrit la production de tellure 131, substance-mére de l’iode 132, a partir des produits 
de fission de l’uranium et on indique une méthode de séparation de l’iode du tellure au moyen 
d’un appareil pratique et courant. 


OoubHOrO Kpaiineii Mepe B 15, a B HeKOTOpBIX u B 100 pas. 
(43 KOoTOporo 13 NpOAYKTOB ypaHa M MeTOANKA 
TeJypa MpocTol erko ocTynHol almapaty pet. 


Herstellung und klinische Verwendung von 187] 


Die Vorteile von !I an Stelle von ™!I bei klinischer Verwendung werden besprochen. 
Bei diagnostischer Anwendung kann die Strahlendosis fiir den Patienten mindestens auf den 
fiinfzehnten Teil herabgesetzt werden. In manchen Fallen ist sie bis zu 100 mal kleiner. 
131] und 132] werden verglichen bei Schliddriisentesten, Bestimmungen des Plasmavolumens, 
Blutkreislaufuntersuchungen und Lokalisierung der Lage der Plazenta. Ausserdem wird eine 
Doppelmarkierung unter Verwendung beider Isotope in Erwagung gezogen. Die Herstellung 
von 132Te, der Muttersubstanz des 1°7I, aus den Spaltprodukten des Urans und eine Methode 
zur Jod-Tellur-Trennung mit Hilfe einer einfachen Apparatur wird beschrieben. 


* Isotope Division, Atomic Energy Research Establishment, Harwell, Didcot, Berks. 
+ Guy’s Hospital, London. 
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The short half-life of 2-26 hours” renders 
132] particularly useful in a number of 
clinical applications. Such applications fall 
into one or more of the following three 
groups: 

(a) Measurements where the employment 
of alternative isotopes would involve an 
excessive radiation dose to the patient; or 
where special circumstances render minimal 
radiation dosage of paramount importance. 
(b) Studies involving serial measurements 


According to the formulae presented 
by Mayneorp and Sinciair,"”) the radiation 
dose-rate due to f rays from | wc/g uniformly 
distributed in an effectively infinite volume 


is: 

Dz = 2:28 Er/h (1) 
it being assumed that Ilr _ corresponds 
to 93 ergs/g in soft tissue. The dose due 
to y rays at the centre of a sphere of radius a 
containing 1 mc/cm? is:— 

D,, = 4aka (2) 

In practice, the human body can be 
regarded as an ellipsoid with a ratio between 
axes of about 5:1, and the above figure 
is thus subject to correction by the factor 
of approximately 0-85. 

For 12], the k factor and EF have been 
measured") and found to be 12-1 r/h/mc 
and 0-45 MeV respectively. The  cor- 
responding figures for #1I are 2-25 r/h/mc 
and 0-197 MeV.) 

Table 1 shows the initial radiation dose- 
rate, and the total radiation dosage (initial 
dose-rate times effective mean life) for 
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RADIATION DOSIMETRY 


Table 1. 


on the same subject where residual activity 
from previous measurements is likely to 
prejudice the accuracy of subsequent iests. 

(c) Double tracer experiments in con- 
junction with 131], 

It is possible that under some circum- 
stances the more energetic # radiation 
from 12], as compared with that from 
131], may be of practical importance, but 
the present discussion is concerned only 
with the aspects listed above. 


131T and 17], calculated for two cases of 
practical interest, namely a concentration 
of 1 wc/g in a small organ such as the thyroid 
gland, and for the centre of the trunk 
assuming a concentration of 1 ywc/kilo uni- 
formly distributed over the whole body. 
The effective radius of the thyroid is taken 
as 3 cm and that of the whole body as 30 cm. 
The effective half-life of #24I in the thyroid 
is taken as 7-5 days.) The second case 
is of interest when the isotope is administered 
intravenously as iodinated human-serum 
albumin. Provided that uptake of iodine 
by the thyroid is blocked, there is no evidence 
to suggest preferential localization of radio- 
active material in any organ. The biologi- 
cal half-life of labelled proteins is of the 
order of 12 days,‘® resulting in an effective 
half-life of approximately 5-0 days. 

It will be seen from Table | that, although 
the higher radiation energies of I result 
in a higher dose-rate to tissue from a given 
concentration of the isotope when compared 
with 11], the short half-life results in a 
‘substantially smaller total dose. The dose 


| | 


Concentration 


Isotope Organ 


Dose rate mr/h Total dose 


(r) 


1 pc/g 
1 
1 pxc/kilo 
1 


Thyroid 
Thyroid 
Whole body 
Whole body 


1327 
131J 


4-8 
0-21 


1480 
1-2 


= 
VOL. 
1 
956/57 
| 
| 
| | B | ? | Boies | 
. 131] 450 | 90 | 540 | 140 
| 1020 460 
132] 1:0 38 4-8 | 0-016 
| | 
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to the thyroid is reduced by a factor 30 
(at least) when 1%] is given as iodide, and 
to the body by a factor 13 when labelled 
protein is used. In actual practice, the 
first factor will be of the order of 100, since 
it normally takes several hours for the 
maximum concentration to be reached 
in the thyroid, the actual time depending 
on the functional state of the gland. 

It is current practice in clinical work 
with 151 to use gamma-ray detectors with 
a high atomic number, i.e. lead cathode 
G-M tubes or Nal crystals. Such detectors 
have a high photoelectric absorption co- 
efficient for low-energy y rays. Consequently 
the increased gamma-ray k factor of 11 
is not associated with a corresponding 
fivefold increase in sensitivity of the detecting 
equipment. ‘There is, however, a slight 
increase in counting efficiency, so that 
in practice it is generally found that about 


0-7 wc of 11 will give similar counting 
rates to 1 wc of J. The higher energy 
of the gamma rays from !*J also makes it 
necessary to employ somewhat heavier 
lead shielding than would otherwise be the 
case in those applications which employ colli- 
mated detectors for use in in vivo counting. 

To sum up, it would appear that the use 
of 182] for diagnostic tests, instead of "I, 
can result in a reduction of the radiation 
dosage to the patient by at least a factor 
of 15, and in some cases, of the order of 
100. At the 1955 Geneva Conference, 
a good deal of concern was expressed in 
numerous papers over the question of 
radiation dosage to the general population. 
Apart from the special indications discussed 
below, there would appear to be a case 
for endeavouring to use instead of 
for diagnostic tests on humans whenever 
it is technically possible. 


THYROID TESTS 


There is now a large number of well- 
established diagnostic tests of thyroid 
function employing has the dis- 
advantage that it is only applicable in 
those tests which are concerned with the 
iodide trapping function of the gland, 
as distinct from the tests which measure 
the output of organically bound radioiodine. 
Moreover, since interest must be confined 
to tests based on the thyroid uptake within 
the first two or three hours following 
administration of the radioiodide, it would 
normally be regarded as desirable to ad- 
minister the tracer-dose intravenously, in 
order to avoid errors due to delayed 
absorption from the gastrointestinal tract. 
This in turn means that sufficient time 
must be allowed for sterilization of the 
solution, or the material must be prepared 
using sterile techniques and equipment. 

Although a higher level of organization 


is required to carry out routine tests with 
1382], there are a number of circumstances 
where its use is definitely preferable. In 
particular, it seems desirable to employ 
this isotope for any tests carried out on 
children, and it has already been used for 
this purpose.‘ Recently, and 
WeeEtTcH®) have drawn attention to the 
concentration of }!J in human breast-milk, 
with the consequent hazard to the infant 
if a nursing mother is the subject of a test 
with this isotope. Pocutn‘) has pointed 
out the desirability of using 1**I in such 
cases. Similar conditions would apply in 
the event of a thyroid-function test being 
necessary for a pregnant patient. 

A number of workers have used !°I for 
serial measurements of thyroid function, 
either to establish the reproducibility of a 
particular test,2® or to study day-to-day 
variations of thyroid activity.¢) 


CIRCULATION STUDIES 


(a) Plasma Volume Determination 
Radioiodinated human-serum albumin is 

now widely employed for the measurement 

of plasma volume. Since a measurement can 


be carried out with less than 5 wc of 111, 
the use of the long-lived isotope is not open 
to serious criticism on the grounds of 
radiation hazard. However, if it should 
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prove desirable to carry out serial measure- 
ments over a comparatively short space 
of time, then the use of !"I is indicated. 
The preinjection blank for the second 
measurement would be of the same order 
as the concentration to be measured, and 
in order to achieve any useful standard 
of accuracy it would be necessary to double 
the dose for each succeeding observation. 


(b) Haemodynamic Studies 


The use of iodinated H.S.A. for the 
determination of cardiac output by the 
Hamilton dilution technique has several 
advantages over the T1824 dye previously 
employed. A recent modification of the 
technique employing an external scintillation 
counter set up over the heart has greatly 
simplified the measurement of cardiac out- 
13) and has made possible the 
measurement of pulmonary blood volume.‘ 
In studies of this nature, the circulatory 
response to pharmacological agents or physio- 
logical factors is usually of interest, so that 
serial measurements are almcst invariably 
necessary. The measurements themselves 
take only a few minutes; any radioactivity 
remaining afterwards only embarrasses 
further readings. Since the mixing curves 
being studied are transient phenomena 
lasting only a few seconds, equipment 
with a short response-time is necessary. 
This in turn implies high counting rates to 
achieve reasonable statistical accuracy, so 
that a given study may involve the ad- 
ministration of 200-300 wc to the patient. 
Under these circumstances the use of 1%] 
has much to recommend it. 

When serial studies have to be extended 
over a period of weeks, as in the evaluation 
of a patient’s response to treatment, 1°] 
becomes preferable for physiological reasons. 
As has been indicated above, the use of 
1317 necessitates blocking the thyroid uptake 


DOUBLE TRACER 


By virtue of their widely different half-lives 
and radiation characteristics, the differential 
assay of 131] and '*I in mixed samples or 
tissues presents little or no difficulty. With 


for several weeks in order to avoid an 
excessive radiation dose to the gland from 
iodide split off from the protein as the latter 
is metabolized. It is probable that cir- 
cumstances will arise where it may prove 
desirable to study cardiac output in relation 
to the thyroid function. In this event, 
the long-term administration of Lugol’s 
solution may affect thyroid function with 
corresponding effects on cardiac output; 
and will certainly make it impossible to 
carry out thyroid-function tests with 1°J. 
When !°I protein is used, it is only necessary 
to block the gland with a single dose of 
iodide, and it is probable that no serious 
risk would arise if this treatment were to be 
omitted altogether. 


(c) Localization of the Placental Site 


For some years *4Na has been used for 
placental localization." 4Na_ diffuses 
rapidly from the blood-stream, so that 
only two or three minutes are available 
for measurements. It now appears likely 
that !*J-labelled albumin will represent a 
considerable improvement in the technique, 
since adequate time is available for obtaining 
more precise radioactivity data. Since the 
albumin does not cross the placental barrier 
in appreciable amounts, the radiation dose 
to the foetus is reduced to a negligible figure. 


(d) Preparation of 132]-Jabelled H.S.A. 


The above-mentioned applications pre- 
suppose the availability of sterile }**I-labelled 
H.S.A. This material must obviously be 
freshly prepared, and the time taken for the 
preparation must bear some reasonable 
relationship to the half-life. The procedure 
developed originally for cardiological work," 
which takes less than one hour, has recently 
been published in detail,“?® and has proved 
satisfactory in the hands of several groups 
of workers. 


IODINE STUDIES 


the increasing variety of diagnostic tracer 
tests which are becoming available, the 
situation is likely to become more frequent 
where the investigation of a _ particular 


condition may involve two completely dif- 
ferent tests, both involving the same isotcpe. 

Under such circumstances the availability 

of a second isotope is likely to prove useful. 

The availability of 1°*I makes it possible 
to carry out thyroid-function tests a few 
days after a patient has received a therapeutic 
dose of "I, so that the early response to 
radiation can be studied even though the 
patient is still heavily loaded with the 
longer-lived isotope. 

A recent example of the double-tracer 
technique is the study of the capillary 
permeability to plasma proteins.“ It 
was required to determine the amount of 
extravascular protein in the spinal cord of 
rabbits at various intervals after inoculation 
with the toxins under study. Plasma proteins 
were labelled with I and !°°], the former 
were injected several days, and the latter 
a few minutes before the animals were 
sacrificed. The intact tissue samples were 


Tellurium-132 is a fission product of 
uranium, and has a fission yield of 4:5°,.% 
The half-life is 77 hours (3-2 days). It is of 
interest for clinical work, because it decays 
to iodine-132, which can be easily separated 
from it, and because it allows iodine-132 to be 
kept with an apparent half-life of 3-2 days. 

The radiochemical purity of the tellurium- 
132 is not of primary importance provided 
it is free of impurities which separate with 


the iodine. Other radioactive fission-product . 


isotopes of tellurium which will also be 
present are the long-lived isomers of masses 
127 (t! 90 days), 129 (t# 32 days), and 131 
(t 30 hours). Of these, only *!"Te produces 
an iodine isotope of short half-life 
(t? 8-02 days). 

The ratio of I to 1%?I depends on the 
ratio of 13!"Te to #**Te, on the time between 
successive iodine separations from the tel- 
lurium (assuming both to be 100% efficient), 
and, for the period after the separation, 


Fic. 1. (a) Ratio of *!"Te to !Te against time of 
irradiation of uranium. (b) Ratio of *!™Te to Te 
by radioactive decay after irradiation. 
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counted in a multi-tube G-M counter 
assembly,"'8) and compared with a sample 
of plasma. The '*!I counts give the total 
plasma proteins in the tissue sample, and 
the 1*[ counts the amount in the blood 
vessels, the difference being the amount 
which had diffused into the tissue spaces. 
With this method it has been found possible 
to detect the leakage of the equivalent of 
about 2 mm of plasma in a 2-g tissue sample. 
This method appears to be applicable 
to other problems concerned with capillary 
permeability; however, a serious difficulty 
arose in the above-mentioned studies which 
needs to be noted. When !°I is used in 
experiments of this nature, there is not 
enough time to fix the tissue samples, and, 
when nerve tissue is concerned, it is extremely 
difficult to dissect out the specimens without 
causing minute haemorrhages which invali- 
date the results. This difficulty may not 
arise with other tissues 
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on the half-lives of iodine-131 and -132. 
The ratio of "Te to 1%Te is given by 


0:093(1 — e744) 
(1 — e~ 42h) (3) 
where 0-093 is the ratio of the fission yields 


(0-42%, and for "Te and 
respectively), 4, and A, are the disintegration 


G. B. Cook, 7. Eakins, and N. Veall 


the proportions of and by the 
appropriate growth-factor for iodine-131 
and -132, from Fig. 2. For iodine separations 
12 and 24 hours after the ratio of "Te 
to 12Te of 0-059 is obtained, the ratios 
of iodine-131 to -132 are 0-059 x 0-03 
to 0-89 and 0-059 x 0-06 to 0-82, or the 
percentages of I are 0-20 and 0-43% 
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Fic. 2. (a) Curve for the 
growth of from 1*Te. 
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(b) Curve for the growth 
of 131] from 131"Te, 
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constants of and respectively, 
and ¢, the time of irradiation and ¢, the 
time of decay from the end of the irradiation 
to the last iodine separation. Fig. la gives 
the ratio of to 1°°Te for varying times 
of irradiation (the first part of equation 3), 
and Fig. 1b the variation in ratio with time 
after irradiation with respect to 48°Te (the 
second part of the equation). We normally 
use an irradiation time of three days and a 
decay period (which includes the time for 
purification and the first iodine separation) 
also of 3 days. Under these conditions the 
ratio from Fig. 1 is 0-16 x 0-37 to 1 or 
0-059 to 1. The ratio of iodine-131 to -132 
on subsequent separation of iodine is 
obtained by the use of the standard equation 
for growth of a radioactive daughter from 
the mother. This is illustrated in Fig. 2, and 
the ratio of iodine-131 to -132,¢hoursafterthe 
last separation, is obtained by multiplying 


160 180 200 


respectively. After separation of the iodine, 
the abundances will vary with time according 
to the half-lives of 8-02 days and 2-26 
hours. It is obvious that iodine-132 con- 
taining very little iodine-131 can be obtained 
by separations as close together in time 
as is sufficient to give enough iodine-132. 
A long period between the separations 
increases the percentage of iodine-131. 
It should be pointed out that no correction 
for the presence of iodine-131 has been made 
in the discussion on radiation dosimetry 
earlier and that a correction may be necessary 
when iodine-132 is used in double-tracer 
experiments. 

Since tellurium is used only as the source 
of iodine, it does not have to be prepared 
in high specific activity, and carrier may 
be added for the purposes of separation 
and purification. Methods developed for 
the analysis of tellurium in fission products’? 
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may therefore be used, provided they can 
be adapted for small-scale production pur- 
poses. This was found to be practicable 


after preliminary experiments with methods 
using anionic and cationic exchange resins 
showed little promise. 


METHOD OF EXTRACTION 


Uranium metal (as wire) is irradiated 
for 3 days at a neutron flux of about 10! n/ 
cm?/sec, and the fission products allowed 
to decay for 2 days. The metal is then 
dissolved in nitric acid in the glass flask 
of an apparatus constructed in a fume 
cupboard, shielded by a 2-in. thickness 
of lead and operated remotely. Hydrochloric 
acid containing 100 mg of Te as tellurous 
acid, is added, and the solution boiled 
until any residue from the uranium is 
dissolved and until most of the nitric acid 
is destroyed. On cooling, any remaining 
nitric acid is destroyed by reduction, hydroxy- 
lamine hydrochloride being normally used. 
The solution is now transferred by suction 
to a Stang reaction vessel,'?") which combines 
the functions of a flask and a filtering funnel, 
when tellurium element is precipitated by 
stannous chloride solution, which, of all the 
reducing agents tried, gave the precipitate 
in the most readily filterable form in the 
cold. Moreover, acid conditions do not 
have to be so carefully controlled as in the 
use of sulphur dioxide, for example. After 
filtration, the precipitate is washed with 
6N hydrochloric acid, redissolved in a 
minimum of nitric acid, hydrochloric acid 
is added, the nitric destroyed by hydroxy- 
lamine hydrochloride, and the precipitation 
repeated. This cycle is repeated once again, 
and the final tellurium precipitate is dissolved, 
after washing, in a mixture of nitric- 


sulphuric acids, containing a small amount 
of phosphoric acid, hydrogen peroxide, and 
about 100 wg of iodide ion, and the whole 
evaporated to fuming, when the iodine 
and nitric acid and any traces of chloride 
are removed. On cooling, the solution is 
diluted for radioactive assay and dispensing 
after addition of sufficient potassium per- 
manganate to colour the solution. The 
small amount of iodide is added because 
occasionally the carrier-free iodine did 
not distil On one occasion when this 
happened, a greased tap had been included 
in the apparatus, and we believed that a 
small amount of organic matter was intro- 
duced into the system and reacted with the 
iodine. Addition of a small quantity of 
iodide to the final solution, and which was 
then distilled off, restored the system to 
normal, presumably because the carrier 
iodine had saturated the reactive impurities. 
Since using this procedure, no further 
trouble from lack of volatility has been 
observed. 

A similar method for the production of 
curie quantities of has been 
described,‘??) in which one precipitation of 
tellurium element and two of tellurium 
dioxide are used in the purification. We 
have used our method for a_ weekly 
production of 50-100 mc of 1%*Te, but this 
could be increased readily by a factor 
of 2 or 3 in the existing apparatus. 


RECOVERY OF IODINE 


The separation of iodine and tellurium 
should be as simple as possible, because 
it must be done frequently and often in 
laboratories not designed for radioactive 
work. A method has been given’) whereby 
the tellurium compound was dissolved in 
an eutectic melt of lithium and potassium 
chlorides which, on melting, readily evolved 
iodine which was swept out in a gas stream 


into a suitably absorbing solution. We 
tried this method in metal containers 
(since glass cracked when the melt solidified), 
but the yields of iodine were poor, and the 
method was abandoned. Similar results 
were eventually published by the origi- 
nators.'?) The method finally adopted was 
that of simple distillation of iodine, using 
standard laboratory apparatus (see Fig. 3). 
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Fic. 3. Apparatus for the distillation of iodine-132 
from the sulphuric-acid solution of tellurous acid. 
A—50- or 100-ml flask, B—splash-head, C—con- 
denser, D—safety trap against suck-back, and 
E—receiver containing a suitable trapping solution. 


The suiphuric acid solution (10%) of 
tellurium (20-30 ml) is added to the distilling 
flask and the permanganate colour dis- 
charged with N/10 hydroxylamine sulphate 
solution. This reduces the iodine, which 
is present as iodate, to iodine and, it is 
believed, iodide. The iodine may now 
be distilled on gentle boiling, but the 
addition of 0-5ml of 10vol hydrogen 


peroxide speeds the distillation, because 
any iodide is oxidized to iodine, which is 
then recovered in the first few millilitres 
of distillate. It may be trapped in dilute 
caustic soda or sodium sulphite solution 
as required. Potassium permanganate is 
now added to the cooled flask until the 
solution is coloured, when it is ready for 
further iodine recovery. Large quantities 
of H,O, should not be used above, as it 
will cause excessive amounts of KMnQ, 
to be necessary at this stage. The iodine 
reaches its maximum on the growth curve 
in about 12 hours. If the iodine is used for 
serum labelling,“® all chloride must be 
absent, as it distils and prevents the iodine 
reaction with serum albumin. For this 
reason, hydroxylamine sulphate is used, 
but if the iodine is not required for this 
purpose any hydroxylamine salt is 
satisfactory. 

For preparing large quantities of 1I, 
the method described could be used, 
although more elaborate shielding and 
remote control manipulations would be 
required. An alternative is the emanation 
of iodine from tellurium dioxide heated 
to 700°C,%* 2) a method used routinely 
for the production of iodine-131 on a 
multicurie scale. A third procedure has 
been described‘?”) in which tellurium dioxide 
is precipitated from an alkaline tellurite 
solution by addition of acetic acid, leaving 
the iodine in solution. In this case, however, 
any small amount of tellurium remaining 
in solution contaminates the iodine, and 
the strong buffering action of the solution 
prevents its use for preparing iodinated 
H.S.A. 


CONCLUSION 


132] has only been available for a short 
time, but it is already apparent that it is 
likely to prove a valuable addition to the 
isotopes already available to the clinical 
investigator. More important, its use can 
go some way towards alleviating the justifi- 
able concern which is felt about the 
increasing exposure to radiation hazards 


of the general population. Finally, to those 
who have the task of training the future 
users of radioactive isotope techniques, 1%?] 
can be recommended as a conveniently 
available isotope for teaching purposes, 
with the practical advantage that an acci- 
dental spill does not represent a minor 
catastrophe. 
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of Autoradiography 
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The method for quantitation of autoradiography is based on preparation of radioactive 
standards which, in conjunction with histological sections of unknown activity, are exposed 
to photographic film. The method is accurate to within 5%. The amount of activity 
in the experimental section is derived by comparison of the optical density of the film to 
that of the standard. Standard isotope concentrations are made up in appropriate embed- 
ding material and poured into uniform cavities of known volume and geometry. Assuming 
exponential absorption one can calculate the amount of radiation emanating from the surface 
of the activity plug at any desired time. The histological section is of a known thickness and 
experimentally determined density. The amount of absorption taking place within the 
specimen is calculated. After an optimum time of exposure, the standard and histological 
section are removed and the film developed under controlled processing conditions. The 
optical densities of standards and unknown are then read with a densitometer which has a 
fixed geometric scan. The areas under the density curve are plotted against disintegrations 
striking the film from the standard activity plugs. The value for the disintegrations in the 
unknown is read directly from such a curve. An example is given of the application of the 
technique in determining the amount of S** absorbed in experimental plant material. 


Méthode simplifiee pour rendre quantitative une autoradiographie 


La méthode qui rend quantitative l’autoradiographie est basée sur la préparation 
d’étalons radioactifs qui sont ensuite posés sur la plaque photographique en méme temps que 
des coupes histologiques d’activité inconnue. La précision de la méthode est au moins de 
5°. On déduit l’activité de la coupe expérimentale par comparaison de la densité optique 
du film impressionné avec celle que produit l’étalon. Les concentrations étalon en isotope, 
sont enrobées dans des matériaux spéciaux et versées dans des cavités de volume et de géo- 
métrie connus. En supposant l’absorption exponentielle, on peut calculer la quantité de 
rayonnement émanant de la surface active a quelque moment que l’on désire. La coupe 
histologique est d’épaisseur connue, et sa densité déterminée expérimentalement. On calcule 
labsorption totale qui intervient dans l’échantillon. Aprés un temps d’exposition optimum, 
on retire la coupe histologique ainsi que |’étalon et on développe le film dans des conditions 
d’éxécution contrélées. On lit les densités optiques des étalons et des coupes expérimentales 
a l’aide d’un densitométre qui posséde un diaphragme. On porte les surfaces déterminées 
par la courbe de densité optique en fonction des désintégrations qui émanent des sources 
standart et qui ont frappé le film. A partir d’une telle courbe, on lit directement le nombre 
de désintégrations de |’échantillon expérimental. Un exemple de l’application de cette 
technique est la détermination de la quantité de S** absorbée dans un matériau végétal 
expérimental. 
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CTaH]apTOB, AKTHBHOCTb KOTOPHIX PerucTpupyeTcA CAHOBPeMeCHHO C HeM3Be- 
CTHOM AKTMBHOCTbIO Cpez0B. TouHocTh 5%. 
ONpefeAeTCH MYTeM CpaBHeHMA MIOTHOCTeM 
HOK cCpe30B CTaHapTa. CraHjapTbl OOpa3s0M, 4TO pacTBOpOM 
110 3aKOHY, MO?KHO KOJIM4eCTBO 
AKTUBHOM TOBepXHOCTbIO CTaHjapTa B 000i MOMeHT BpeMeHu. cpe3 
B CTAH{apTHBIX KOHTPCJIMpyeMbIX YCOBUAX. 3aTeM, C 
c reoMeTpueli, OTCUeT ONTUYECKUX CTaHapTHOrO 
IWIOTHOCTH, HaHOcATCAH B QYHKIMM akTMBHOCTel CHATHIX Ha 
maeHky. Ilo KpuBoii UCKOMAA. AKTUBHOCTb. B KayectBe mpumMepa 


PacTUTeJIbHbIM BelleCTBOM. 


Eine vereinfachte Methode fiir quantitative Autoradiographie 


Die quantitative Autoradiographie stiitzt sich auf radioaktive Standards, die gemeinsam 
mit histologischen Schnitten unbekannter Aktivitat mit einer photographischen Schicht in 
Kontakt gebracht werden. Die Genauigkeit der Methode liegt bei 5°. Die Aktivitat des 
zu untersuchenden Schnittes wird aus der optischen Dichte des Films durch Vergleich mit 
der durch den Standard erzeugten Schwarzung bestimmt. Isotopen-Standardpraparate 
werden aus einem geeigneten Einbettungsmaterial hergestellt, haben einheitliche Form und 
bekannte Geometrie. Nimmt man exponentielle Absorbtion an, so kann man die Strahlung, 
die von der Oberflache dieses aktiven Praparates zu einer beliebigen Zeit ausgesandt wird, 
berechnen. Der histologische Schnitt hat eine bekannte Dicke und eine experimentell bes- 
timmte Dichten. Die Absorption des Praparates wird berechnet. Nach einer optimalen 
Expositionszeit werden Standard und histologischer Schnitt entfernt und der Film entspre- 
chend den genauen Entwicklungsbedingungen entwickelt. Die optischen Dichten der 
Standards und der zu untersuchenden Praparate werden dann mit einem Photometer bestimmt. 
Das Integral der Dichtekurve wird als Funktion der auf dem Film stattfindenden, Zerfalle 
des Standards aufgetragen. Die Anzahl der Zerfalle des unbekannten Praparates kann von 
dieser Kurve direkt abgelesen werden. Als Beispiel wird die Anwendung dieser Technik 
auf die Bestimmung des Schwefel-35-Gehaltes von Pflanzen besprochen. 


Tue first published work on biological histological stained sections which were 
applications of autoradiography appeared placed on film and polonium uptake in 
as early as 1904,(1; 2, 3) yet little work has microstructures located. In the early 1930's 


appeared in the literature on the quanti- Lrsianp, working in LacassaGne’s labora- 
tative aspects over the span of years. This tory, started mounting sections on glass 
paper presents a relative simplified method _ plate in apposition with photo plate to study 
for quantitation of autoradiograms. The  distributionof polonium. BELANGERat McGill 
early work, circa 1904, carried on by E. S. University developed the first successful 
Lonpon"!; 2) and Bouchard et al.,@ concerned method for simultaneous observation of 
the fate and localization of daughter and of stained tissue and autoradiogram. Boyp®) 


radium irradiations in the frog. 

The terms “‘autoradiographs” and “histo- 
autoradiographs” first appeared in_ the 
literature in 1924, in some published work by 
LacassAGNE and Latres,'*) to describe 


suggests the use of the term ‘“‘autoradio- 
gram,” and defines autoradiography as ‘‘the 
production of a two- or three-dimensional 
image in a photographic film or plate by 
radioactive radiation. The image may 
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consist of a black area seen by the 
unaided eye or as a random distribution 
of grains or tracks seen under the microscope. 
When the image can be studied in a known 
spatial relation to the object containing the 
radioactive atoms, it can give some infor- 
mation about the sites or process of labelled 
atoms or molecules.” 

In our laboratory, a food research labora- 
tory, autoradiography has been used to 
study food-processing problems as well as 
fundamental nutrition problems. Investi- 
gation of hydration of rice, employing 
tritiated water; distribution of shortening 
and emulsifiers in baked products, utilizing 
carbon!4-tagged materials, have been suc- 
cessfully studied. Dynamic aspects of mineral 
metabolism in bone uptake, using tagged 
calcium and phosphorus, stressing importance 
of time in relation to intake, have also been 
studied. 

The browning of foodstuffs as a major 
problem came sharply into focus during 
World War II, when operations in the 
tropics introduced food-spoilage problems 
due to browning reactions. Since that time 
many investigators have been making 
practical efforts to solve this problem, and to 
date the problem has resisted these efforts 
and is still with us. Sulphur dioxide has been 
used for many years as an inhibitor of the 
browning reaction in certain foods such as 
peaches, apricots, and coconut, but unfor- 
tunately the inhibition is temporary. It is 
thought in our laboratory that by studying 
the fundamental reactions of sulphur dioxide 
in coconut, it may be possible to elucidate 
the nature of the browning problem and to 
perhaps eliminate it completely... which 
would be of great practical importance. 

It is interesting to note that there is a 
concentration gradient of reducing sugars 
in coconut, with the highest concentration 
being located on the inner surface of the nut. 
The browning of coconut occurs primarily 
at this same inner surface. It is well known 
that many sulphited food products have 
their sulphur dioxide in two forms: the so- 
called ‘“‘free’? sulphur dioxide, which can be 
titrated, and the “bound” portion which 
can be determined by saponification and 


subsequent acidification. It is this bound 
sulphur dioxide which is the most interesting. 
BRAVERMAN) has written an article on this 
mechanism of the interaction of sulphur 
dioxide with certain sugars, in which he 
gives experimental evidence for combinations 
of bisulphite with aldehydic sugars as well as 
an excellent review of previous work. With 
this as a background, it was decided to 
investigate whether the sulphur followed any 
geographical distribution through a cross- 
section of this nut, the thought being that 
perhaps sulphur was forming an addition- 
product with the reducing sugars which 
was preventing the combination of these 
sugars with amino acids to form a brown 
product. 

It would be of importance to know how 
much sulphur was concentrated on the 
active browning surface, so as to be able to 
measure the minimum amount of sulphur 
needed at this surface to inhibit browning. 
Knowing the amount of sulphur and its 
ratio to the concentration of cellular consti- 
tuents may give a clue to the addition- 
product, if any. 

In casting about for a method which we 
could use to give us the answers we were 
looking for, nothing could be found in the 
literature which would suit our purposes. 
As evidence of this, an up-to-date book on 
autoradiography by Boyp, published by the 
Academic Press (1955) has no mention of 
quantitation in the index. Other workers 
have attempted absolute methods of quanti- 
tation, but these methods are extremely 
time-consuming and were not suited to our 
needs. Much of the best work in this field 
has not yet appeared in the literature. 

The object of this paper is to present a 
simple method for the quantitation of 
autoradiography. The method has broad 
applications in many phases of food research. 
The accuracy of this technique is better than 
95°, when compared to conventional S* 
analytical methods. Correcting for geo- 
metry, density, and decay, it was possible to 
quantitate the number of radioactive atoms 
and moles of radioactivity present in a 
histological section of plant material by 
relating film-blackening for these samples to 
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that found from disintegrations arising from 
known standards. 

There are at least four approaches to the 
problem of quantitation: (1) grain counting, 
(2) grain scanning, (3) absolute method, and 
(4) relative density method. The first 
entails the counting of reduced silver halide 
grains in a photographic emulsion by use of 
the microscope. In specimens containing 
B-emitting isotopes of moderate activity, 
the reduced grains along the path of the p 
tracks are difficult if not impossible to count. 
Even at low activity levels, the track 
counting is time-consuming and_ tedious. 
The second method involves the use of an 
electronic scanner, developed by DupLEy in 
England, which scans and counts the number 
of the reduced silver halide grains. A scanner 
of this type is rare and expensive. The third 
method is one in which the density of 
exposed film is evaluated as a function of 
disintegrations, not by use of standards, but 
by the use of theoretical considerations 
which correct for absorption within the 
emulsion as well as absorption within the 
sample. An example of this absolute 
approach is the work done by OpEBLaD" in 
estimating the moles of P®? located in the 
Graafian follicles of the ovary. Some of this 
work has only been recently published, and 
again the method is time-consuming and 
the details must be exactly observed. 

The fourth method, which we shall call 
relative density, sacrifices a little accuracy 
(5%), but is simple and adaptable. In order 
to check the accuracy of this technique, 
experimental samples of known dimensions 
were ashed and oxidized, and the S*® 
precipitated with barium chloride to yield 
barium sulphate, which was counted under 
flow-gas. The value obtained was then 
corrected for absorption, geometry, and 
counting efficiency. It was this corrected 
value which was compared to the autoradio- 
graphic value for amount of sulphur. In 
essence, the technique consists of preparing 
standards of the desired isotope and activity 
level. These are exposed upon film until 
desired film-blackening is achieved. By 
using different levels of known activity in the 
standard, it is possible to construct a curve 


7 


which relates film-blackening, or density, 
to different amounts of activity for various 
exposure times. The standard consists of a 
brass block with machined holes cut into it, 
into which the standard activity plug is 
moulded. The initial reference to this type of 
standard activity plug can be found in the 
thesis submitted by DupLEy® at M.1.T. 
Assuming exponential absorption of radia- 
tion, it is possible to calculate the dis- 
integrations radiating from the surface of the 
activity plug and striking the film. The 
amount of activity which is put into each 
activity plug is determined by assay of the 
starting material, as described before. In 
order to convert the activity which one 
obtains on assay into the total activity for 
the plug in question, the following equation 
governing the self-absorption is employed by 
HeEnrIQUEs al.,) and also by Lippy: 


Its derivation is as follows (Fig. 1): Let A = 
activity at any cut plane, X! fix the position of 
dx, dx = thickness in which 0 absorption takes 
place, and d= range in which the maximum 
B particle must pass in terms of mg/cm?. Let 
2S be the ‘“‘true”’ specific activity per unit 
weight of sample which can be defined as A dx. 


A dx = 2S 


A dX? is the activity product of the sum of 
successive layers of dx. 


A dX! = Yn A dx 


The activity is exponentially absorbed 
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through successive layers of dx, and is equated 
to Ae~**, where « is the absorption coefficient. 
It follows that 


A dX! = 2S dx Ae~™ 
or A dX! = 2SAe—™ dx. 


Since 4 of the radiations are directed 
downward, 


A dX} = 4 2SAe—™ dx 
or A dX = SAe—™ dx 
(this is the total activity in one direction). 
Let the total measurable activity be J: then, 
d 
0 


where d = density in terms of mg/cm?. 
Since ‘“‘true’”’ specific activity is defined 
by 28: the “‘true” total activity is equal to 


28. Ad 
or 2SAd = Ip. 


Substituting 
SA(1 — e~*4) 
2SA da 


I 


(equation 1) 


To arrive at a value for the absorption 
coefficient «, Sotomon’) has found the 
following equation derived by Lipsy” to 
hold true over a certain range suitable for the 
isotope S*® which was used in our laboratory. 


al, =K, where K is constant for the 
particular isotope and conditions. 


1, = range in mg/cm?. 
K is equal to 8-6 for the energy range of 


S*., This K was experimentally determined 
by SoLomon. 


The range of the particle emanating from 
S* can be found by using GLENDENIN’s‘??) 


equations. 
Rivg = 0-407 E?**, where Rayg is the average 


range in g/cm*®. E is the energy of the 


particle in MeV. 
(E S*® = 0-107 + 0-004 MeV) 
= 34 mg/cm? 
Substituting value for J), « is: 
al, = 86 
a = 0-25 cm?/mg. 


This is in good agreement with 0-27, as 
reported by Henriques," and 0-29, as 
reported by 

To arrive ata value for total disintegrations 
occurring over any given exposure period, 
the following equation was derived. 


(equation 2) 


Let Q be the quantity of radioactive 
material present at time ¢t. The rate of 
disintegration per unit-time would be — - 
= kQ, where k is equal to the decay constant 
for the particular isotope in question. 
Since Q = Q,e~™ (radioactive decay law) 


and —(dQ/dt) =kQ e—™, integrating we obtain 
=Q[l1—e*] (2) 


where: dQ/dt = rate of disintegration at time 
of apposition to film, (Qj) — Q@) = total 
number of disintegrations, ¢ = film time 
of exposure, k = decay constant. 

This consideration is not necessary where 
long-lived isotopes such as C!* are being 
used, because one can assume no change in 
disintegration rate for normal periods of 
exposure. To find the total disintegrations 
occurring for any time ¢, all one does is 


multiply “a (the rate of disintegration) 
0 


by the time of exposure. 
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Having assayed the initial material and 
calculated the amount of activity emanating 
from the surface of the activity plug by use of 
equation (1), and solving for J, one substi- 


tutes J for in equation (2), and arrives 


dt 
at the value for the total number of dis- 
integrations striking the film during time 
of exposure. 


Technique 

Fresh-shelled coconuts were cut in half and 
dipped in sulphur solution containing S*. 
The coconut halves were dried and shredded. 
Transverse coconut sections of a fixed thick- 
ness (25 microns) and fixed dimensions 
were cut on the freezing microtomes and 
mounted on glass slides. The experimental 
sections and the standard brass plugs were 
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Fig. 2. Standard activity plug-holder 


Having constructed the standard curve, 
values for the unknown are obtained by 
relating the density for a given exposure 
period to total disintegrations. This number 
of disintegrations found (J) is corrected for 
self-absorption in the unknown sample by 
solving for J) in equation (1), where the 
value for density of the unknown has been 
experimentally determined, by using sections 
of known thickness. 


Preparation of the Standards 


Elemental S®*® received from Oak Ridge 
was combusted with EscuKa’s mixture to the 
sulphate and subsequently precipitated out 
as the barium sulphate and counted on the 
Bernstein-Ballentine flow counter. Different 
amounts of barium-sulphate-S® were mixed 
with known amounts of plaster of paris and 
poured into the cavities of the brass holder 
(Fig. 2). 

Knowing the volume of each activity 
plug and density of plaster of paris plug, it is 
possible to calculate the amount of activity 
emanating from the surface of each plug by 
solving for J in equation (1). 


2Qad 


placed on No-Screen X-ray film and allowed 
to expose for an optimum time (until 
workable densities were obtained). 

The blackened films from the standards 
were scanned, using the Photovolt densito- 
meter with a specially arranged slit device. 
The choice of a slit device would be 
dependent upon the particular problem 
under study. Basic requirements in respect 
to slit-width and length are dependent 
upon differentiating blackened area vs. 
control background. The slit may be used 
in conjunction with microscopy to resolve 
differences in microstructure. 

(Fig. 3) Using the clear film for back- 
ground, the area under the scan curve was 
integrated, and this area in terms of cm? was 


OPTICAL DENSITY 


LENGTH OF FILM(mm) 
Fig. 3. Scan-curves of film-blackening produced 
by standard activity plugs. 
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Fig. 4. Film-response 
curve (Kodak No- 
Screen X-ray film). 
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Disintegrations 


plotted vs. total disintegrations striking film 
for the exposure period. The value for total 
disintegration (Q, — Q) was found by use of 
equation (2). 


(Q 


When one plots disintegrations vs. area 
under the scan curve, the following curve 
is obtained (Fig. 4): 

The coconut autoradiograms (Fig. 5) were 
scanned, using the same geometric conditions, 
and the corresponding area read from the 
standard curve to yield a disintegration 
value (Fig. 6). 


Fig. 6. Flow-sheet of operations on 
localization and quantitation of S* on 
coconut. 


Having obtained a disintegration value 
striking film (Q)— @Q) of the coconut sections, 


can be obtained by solving 


dQ 


dQ] Jo 
for a in equation (2). ir | is equivalent 
dt dt |\o 
to J in equation (1), and one solves for 
the total activity in the coconut section by use 
of this equation. The density of the coconut 
was experimentally determined by the dis- 
placement of mercury by sections of coconut 
having known volume and mass. 
This technique can generally be applied 
to several «- or f-emitting isotopes in any 
material which lends itself to sectioning. 


values for E 


: skinned coconut half. 

: 25-micron section of coconut. 

: autoradiogram produced by section B. 

: scan-curve of autoradiogram C. 

: film-response curve used for obtain- 
ing total disintegrations for corre- 
sponding area of scan-curve D. 
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The standard preparation will vary 
according to the isotope and _ particular 
problem in question. For example, there 
was some work reported by the U.S. Naval 
School of Aviation Medicine, 1 July 1953, in 
which tritium-labelled stearic acid’ was 
deposited in monolayers on film and used as 
a reference source. The tagged material was 
prepared by Tracerlab Inc., and assayed by 
combustion of the acid to water, subsequent 
reduction to hydrogen, and gas-counting. 

There will also be, of course, some 
changes in the equation constants depending 
on the isotope involved, in calculating- 
range, and absorption coefficients. 


In summary then, by preparation of 
standards, exposure to film, measurement 
of photo response, and by use of appropriate 
scanning mechanisms, one can resolve loca- 
tion of atoms or molecules in the vicinity 
of 3-5 microns, and quantitate with mini- 
mum accuracy of 95%. 
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Gamma-ray Vulcanization of Rubber 
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An experimental study was made of the vulcanization of rubber by the cross-linking 
action of intense gamma radiation from a Co® source. Vulcanization by heat and chemicals 
is an important, highly developed industrial process, the essential feature of which is the 
chemical cross linking of the rubber molecules by sulphur atoms. With gamma-ray vul- 
canization, the cross-linking occurs by the elimination of hydrogen and the formation of 
carbon-carbon bonds, which are more stable than sulphur bonds. The usual vulcanizing 
agents and sulphur were found to have only slight influence on gamma-ray vulcanization, but 
fillers enhanced the effects of the radiation, probably through scattering or other interaction 
with the photons. The tensile strengths developed with a series of fillers were found to increase 
with the specific volumes of the fillers. Tensile strengths obtained with gamma-ray vulcani- 
zation were not as high as can be secured by conventional vulcanization. The radiation dose 
required for vulcanization was relatively large, 1 to5 x 10’ rep. If there were no heat losses, 
such a dose would raise the temperature of the rubber to ordinary vulcanizing temperatures. 
Typical potential advantages of gamma-ray vulcanization include uniform vulcanization of 
thick articles, more stable, better ageing vulcanizates, cold vulcanization of extruded shapes 
or preforms, and faster preliminary processing of the rubber stock. The development of 
industrial applications of gamma-ray vulcanization may be contingent on the economical 
utilization of fission-waste products or spent reactor-fuel elements and developments in the 
technology of working with intense radiations. 


Vulcanisation du caoutchouc par rayonnement y 


On a fait une étude expérimentale de la vulcanisation du caoutchouc par réticulation 
en utilisant le rayonnement y d’une source intense de Co®, La vulcanisation thermique 
et chimique est un important procédé industriel, trés développé, dont le caractére essentiel 
est la réticulation chimique de molécules de caoutchouc par des atomes de soufre. Avec la 
vulcanisation par rayonnement y, la réticulation consiste en |’élimination d’hydrogéne et 
en la formation de liaisons C-C, beaucoup plus stables que les liaisons soufre. On a trouvé 
que le soufre et les agents de vulcanisation usuels n’avaient qu’une faible influence sur la 
vulcanisation par rayonnement y; par contre, les charges augmentaient les effets du rayonne- 
ment, probablement par absorption des photons ou par tout autre interaction. On a trouvé 
que les résistances a la traction obtenues avec des échantillons contenant des charges dif- 
férentes, augmentaient avec le volumé spécifique de ces charges. Les résistances a la traction 
mesurées aprés vulcanisation par rayonnement y n’étaient pas aussi fortes que celles que l’on 
peut obtenir par vulcanisation ordinaire. Les doses de rayonnement nécessaires a la vulcani- 
sation étaient relativement importantes, de l’ordre de 1 a 5.107 rep. S’il n’y avait pas de 
pertes de chaleur, une telle dose devrait éiever la température du caoutchouc aux températures 
communes de vulcanisation. Comme avantages d’une vulcanisation par rayonnement y, 
citons: vulcanisation uniforme d’objets épais, obtention de vulcanisats plus stables et poss¢dant 
de meilleures propriétés de vieillissement, vulcanisation a froid de profilés ou d’objets pré- 
formés et accélération des traitements préalables du caoutchouc brut. Le développement des 
applications industrielles de la vulcanisation par rayonnement y peut étre lié soit a l’économie 
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d’utilisation des produits de fission, soit a l’emploi des combustibles de réacteur; il est lié 
au développement de la technologie du travail aux fortes intensités de rayonnement. 


MHTeHCHBHOM Co”. Tepmuyecka XUMMYeCKaA BY 
COOOIO paspadoTaHHbii mpomecc. Ero raapnan 
oOcoOeHHOCTH B OOPAZOBAHUM XUMMYECKUX CBABeI KaydyKa 
XUMMYeCKHe BelecTBA Cepa BIUMAIOT Ha raMMa- 
IIpu To raMMa-Jyyeii OKa3bIBaeTCA 
COCTaBIAA OT 1.107 fo 5.107 dap. Ecam 
Obl He TeMJOBLIX TaKaA 03a Obl TemMepaTypy 
HMM U3HOC BYJIKAHU3aTOB, B BO3MO+KHOCTH 
MpeccoBaHHEIX POpM wWads0HOB OEICTpoit mpezBapuTe- 
oOpadoTKH Kay4yka. IpuMeHeHue Kay4yKa raMMa- 
MOMHOCTH. 


Vulkanisieren von Gummi durch y-Strahlung 

Praktische Versuche iiber Vulkanisieren von Gummi durch Herstellung von Vernetzungen 
durch Einwirkung von y-Strahlung hoher Intensitat von einer ®°Co-Quelle wurden durch- 
gefihrt. Vulkanisieren durch Hitze oder chemische Mittel ist ein wichtiger, hochentwickelter 
industrieller Prozess, der im Wesentlichen darin besteht, dass chemische Querverbindungen 
der Molekiile des Gummis durch Schwefelatome herbeigefiihrt wird. Bei Vulkanisieren mit 
y-Strahlung wird die Vernetzung durch Eleminierung des Wasserstoffs und Bildung von 
C-C-Bindungenbewirkt, welche stabiler sind als die Schwefelbindungen. Es wurde gezeigt, 
dass Schwefel und die iiblichen Vulkanisierungsmittel bei Vulkanisieren mit y-Strahlen 
nur geringen Einfluss besitzen, dass aber Fiillstoffe die Wirkung der Strahlung verstarken, 
méglicherweise durch Streuung oder andere Photonenwechselwirkungen. An Hand einer 
Serie von Versuchen mit Fiillstoffen wurde festgestellt, dass die Streckbarkeit mit dem spezi- 
fischen Volumen der Fiillstoffe zunimmt. Die Streckbarkeit bei y-Vulkanisieren ist geringer 
als die, welche durch die iiblichen Methoden erreicht werden kann. Die notwendige Strahlen- 
dosis ist relativ gross, 1-5.10% rep. Waren keine Temperaturverluste vorhanden, dann 
wide durch diese Dosis die Temperatur des Gummis bis auf die gew6hnliche Vulkanisier- 
temperatur ansteigen. Besondere Vorteile des Vulkanisieren mit y-Strahlen sind das homo- 
gene Vulkanisieren dicker Objekte, giinstige Alterungsbedingungen der Vulkanisate, kaltes 
Vulkanisieren von Pressformen und vorgeformten Stiicken und schnellere Vorbearbeitung 
des Gummis. Die weitere Entwicklung der industriellen y-Vulkanisierung wird abhangig 
sein von der 6konomischen Verwendbarkeit der Abfallsprodukte der Uranspaltung, bzw. 
der verbrauchten Reaktor-Brennstoff-elemente und von der Entwicklung der Technologie 
bei hohen Strahlungsintensitaten. 


INTRODUCTION 


Vulcanization is the industrial process from innumerable uses. It was discovered by 
which transforms rubber from a_ soft, CHARLES GOODYEAR in 1839 and was one of 
sticky, readily moulded plastic to the _ the series of crucial inventions which started 
highly elastic material familiar to everyone _ the United States on its industrial revolution 
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in the nineteenth century. The automotive 
direction of this industrial development has 
accentuated the importance of rubber in 
succeeding years. This year the worldwide 
product volume to which vulcanization will 
be applied will exceed two and a half 
million tons. It is readily understood that 
vulcanization is now a highly developed 
process, the resultant of many improvements 
and developments over the course of a 
century of competitive use. GOOoDYEAR’S 
original conception involved simply the 
heating of rubber with sulphur. The recog- 
nition of the chemical nature of the process 
was followed by the discovery of materials 
which, when added to the system, accelerated 
the reaction tremendously, allowed it to be 
carried out at lower temperatures, and 
improved profoundly the physical properties, 
uniformity, and ageing resistance of the 
rubber. Such chemical vulcanizing systems 
are now applied in great variety. Many ways 
are known for vulcanizing rubber without 
using any sulphur, but they are of relatively 
minor commercial importance. Some of the 
synthetic rubbers require rather unique 
systems for vulcanization. There is con- 
tinuous, intensive chemical research activity 
to find still better ways of vulcanising rubber. 


GAMMA RAYS 


Polymer science teaches that the essential 
or general feature of all vulcanizing reactions 
is that they bring about a cross linking or 
interconnection of the long, flexible rubber 
molecules into a network structure. Thus, a 
single natural rubber molecule may consist of 
thousands of small monomer repeating units, 
(C;H,), as indicated in Fig. 1. A hypothetical 
chemical structure for a disulphide cross link 
is also indicated. The number of cross links 
required for good technical vulcanization is 
relatively small, of the order of one cross link 
per hundred monomer units. Too many cross 
links destroy the property of high elasticity; 
too few give excessive plastic flow and 
permanent set. For good rubber quality it is 
necessary that in the processing the molecular 
weight be maintained at a reasonably high 
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NATURE OF VULCANIZATION AND THE INTERACTION OF 
WITH RUBBER 


So with gamma-ray vulcanization, it will be 
necessary to show some very tangible 
advantages to find even a few specialized 
applications. 

The idea of vulcanizing rubber by exposure 
to energetic radiation is not new. A patent 
issued to E. B. Newron in 1933 claimed the 
vulcanization of rubber by short exposures to 
250-kV cathode rays.‘ Effects of pile 
irradiation on uncured elastomers were 
studied by Davipson and Gers.‘?) Numerous 
investigations of the effects of radiation on 
the physical properties of plastics are listed 
in the bibliography prepared by Sun.“ 
GreHMAN and Hosss‘) observed the vul- 
canization of rubber by intense gamma 
radiation. JAcKson and Hate) measured 
the physical properties of rubber-filler 
mixtures as a function of the radiation 
dose from a strong Co® source for a 
variety of elastomers. Cross linking of 
rubber by pile irradiation was studied 
in a quantitative way by CHARLEsBy.'® 
He emphasized the usefulness of radiation 
cross linking as a means for studying the 
average molecular weight, variation of the 
gel fraction, and the changes in properties 
of rubber as the degree of cross linking 
is varied. 


value. The free ends of the molecules do not 
contribute to the strength of the network 
structure, and hence scissioning or breaking 
of the long chain molecules has an essentially 
degrading effect on the properties. Some 
breakdown of the rubber is required to 
improve its processability, but, since vulcani- 
zation is usually the last step in’ processing, 
any molecular-chain scission occurring 
during vulcanization will generally be 
undesirable. 

The exact chemical mechanism or series of 
reactions involved in chemical vulcanization 
systems is still very imperfectly known. 
They are usually considered to be free 
radical reactions. In general, there occur, 
besides cross linking, side reactions and such 
things as cyclization and chain scission 
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Entanglement 


Crosslink 


CHs CHs 
=CH> C=CH-CHe 


CH; 
Fig. 1. Representation of rubber structure. 


which can affect the quality of the product. 
Thus gamma-ray vulcanization is not alone 
as regards the possibility of being accom- 
panied by detrimental side reactions. 

The cross-linking action of radiation on 
polymers has, no doubt, become best known 
with polyethylene. Here a material with 
improved properties, especially a higher 
flow temperature, can be produced. Not 
all plastics and polymers cross link under 
irradiation. Some, such as butyl rubber, 
degrade or break down. Whether they 
degrade or cross link depends on the chemical 
structure of the chain molecules. Cross 
linking predominates upon irradiation if the 
polymer has the structure (—CH,CH,—),, 
or (—CH,CHR—),. If the structure is 
(—CH,CR,R,—),, degradation is the rule.” 
Polyisobutylene and butyl rubber come 
under this classification. Many important 
types of rubber contain double bonds in the 


repeating unit and hence are not covered by 


these generalizations. The isoprene unit of 
natural rubber (see Fig. 1) includes a carbon 
atom with no hydrogen atom attached. 
But the presence of the double bond and 
perhaps the reactive character of the a- 
methylene hydrogens evidently precludes an 
extension of the rule to this case. 

How radiation brings about the cross 
linking of rubber is not known in exact 
detail. Presumably the general nature of the 
process corresponds with deductions from 
the radiation chemistry of simpler systems. 
The photon energy is degraded, and dissi- 


pated eventually in ionization and electronic 
excitations. The ionized and excited mole- 
cules furnish reactive centres which can 
lead, by a variety of mechanisms, to cross 
linking of the rubber molecules. In the 
broad general picture, since the photon 
energy is much larger than any of the bond 
energies, all bonds have about the same 
chance of being broken. Random _ bond- 
fracture is the normal expectation. Usually 
20-30 eV are absorbed per broken bond. 
A probable mechanism of cross-link forma- 
tion) is that the breaking of a C-H bond 
results in a hydrogen atom which abstracts 
another hydrogen atom from a neighbouring 
molecule, forming a hydrogen molecule. The 
resulting two free carbon valencies then unite 
to form the cross link. There is reason to 
suppose that a pair of radicals created by a 
break in a chain molecule may sometimes 
recombine. It can be anticipated that 
vulcanizates containing direct carbon-to- 
carbon cross links will be inherently more 
stable than sulphur vulcanizates, since the 
energy of the C-—C bond is 58-6 and that of 
a polysulphide bond only 27-5 kcal/mole 
respectively. 

It might be suspected that the cross 
links would be concentrated along the paths 
of the incident photons or particles, but 
this apparently is not the case. There is 
experimental evidence, especially in the case 
of pile-irradiated polyethylene, that the 
energy-dissipating mechanisms lead to a 
random distribution of cross links. ‘This 
is presumably most desirable for rubber 
vulcanizates. 

As with chemical vulcanization, there are 
bound to be some side-effects such as chain 
scission. It is possible that future work will 
show that certain radiations or irradiation 
procedures have advantages in producing a 
minimum of such degrading effects. 
CHARLEsBY'®) examined with a mass spectro- 
meter the gas evolved during the pile- 
irradiation of rubber and found that it was 
almost entirely hydrogen. From this he 
concluded that there was very little degrada- 
tion of the main chains. 

The number of molecules directly affected 
by the incident radiation is presumably 
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rather small. The energy imparted to an 
atom by the primary radiation is dissipated 
by secondary collisions and degraded to a 
level comparable to that absorbed in breaking 
a chemical bond—about 20-30 eV. These 
secondary processes are similar, regardless of 
the character of the incident radiation. 
Hence, the effects are very much the same 
for different kinds of radiation and depend 
principally on the energy absorbed. It is 
possible that the lower-energy gamma rays 
from Cs13* as compared to those from Co® 
would suffer more absorption by the photo- 
electric effect if fillers are present, and hence 
act somewhat differently for vulcanization. 
But in the broad, general picture we have at 
present, such effects have not been recog- 
nized. It is to be expected, as the experi- 
mental work becomes more refined, that 
distinctions in the processes may appear due 
to both the type of radiation and the polymer 
irradiated. 

The radiation absorption processes which 
result in the vulcanization of rubber may be 
considerably modified by the presence of 
particulate fillers, such as carbon black and 
zinc oxide, usually incorporated in technical 
rubber compounds to secure desired physical 
properties. Scattering of the radiation by 
the particles and the ejection of photo- 
electrons would tend to increase the effective- 
ness of the radiation. For gamma rays in the 
energy range emitted by Co® and fission 
waste products, the photoelectric effect and 
Compton scattering are the mechanisms for 
absorption. Photoelectric absorption accom- 
panied by the ejection of electrons and 
emission of soft x-rays is appreciable only 
for softer gammas, but evidently, even with 
Co sources, there is usually a background 
of soft radiation due to scattering within the 
source itself.2® Hence, photoelectric effects 
cannot be entirely excluded from consider- 
ation, especially if there is an inorganic 
filler, since the cross-section for photoelectric 
absorption increases rapidly with atomic 
number. Compton scattering is the principal 
absorption process for the range of gamma- 
ray energies in question, and the cross- 
section is inversely proportional to the 
photon energy. It depends upon the number 


potatoes'!?) 


of electrons present per cubic centimetre, 
and hence its relative importance with 
different fillers can be readily calculated. 

Some of the energy considerations involved 
in gamma-ray vulcanization are very inter- 
esting and instructive. From CHARLEsBY’S 
data on pile irradiation of rubber‘® it may be 
deduced that a gamma radiation dose of 
5 x 10’ rep cross-links about 1% of the 
monomer units in rubber. This is a very large 
dose as compared to those required for many 
projected uses of gamma radiation. The 
following doses are representative of those 
suggested for applications to food processing : 


Sterilization of foods'!) 2 x 10% rep 


Sprouting control for 
5-20 x 104 


Insect control in grain?” 2-5 x 104. 


There is evidence that a_ technically 
satisfactory degree of vulcanization has been 
secured with doses of gamma radiation in 
the range from 1-5 x 10’ rep. Assuming 
that in rubber a rep corresponds to a heat- 
energy deposition of 93 ergs/gm, 2:5 x 10’ 
rep corresponds to 55 cal/g. This quantity of 
heat would raise the temperature of a gram 
of rubber about 200°F if there were no heat 
losses. Thus the energy input is comparable 
to the thermal input (assuming no heat losses) 
required for chemical vulcanization, which 
is usually carried out at from 275° to 320°F. 
Of course, the temperature rise during 
irradiation will be determined by the rate at 
which the dose is delivered, i.e. the rep/h and 
the heat losses. 


The bond energy in C-C cross links is ° 


58-6 kcal/mole, or 9-8 x 10~?° cal per bond. 
Estimating that the dose of 2-5 « 107 rep 
cross-links 0-5° of the isoprene units, of 
which there are 8-9 10?! per gram, there 
will then be 4:5 x 10?® cross-linked units 
per gram, or 2-25 x 10!® cross links per 
gram. The energy in these bonds is 
45 x 10" x 98 x 10-™ cal, or 4-4 cal. 
The efficiency of cross linking in this sense is 
4-4/55 = 8%. That is, the energy in the 
cross linking bonds which have been pro- 
duced is 8% of the energy of the gamma rays 
which have been absorbed. 
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The efficiency of cross linking can also be 
judged by the energy required to produce a 
cross link. The following values are taken 
from CHARLESBY’s work, using pile irradia- 
tion. 


Material eV/cross link 
Natural rubber‘® 44 
Polysiloxanes‘?®) 32 
Paraffins®) 24 


The work of Lawron, BALwit, and 


BuecHeE) on the irradiation of polyethylene 
with high-energy electrons gave a rather 
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wide range in efficiencies depending upon 
the molecular weight of the irradiated 
material. The middle of the range agrees 
fairly well with the value given above for 
paraffins. A decrease in efficiency was 
noted with increase in dose, and it was 
suggested that this might be due to degra- 
dation. In a few cases, gamma-ray efficiencies 
were estimated for our irradiations of pale 
crépe rubber, the density of cross linking 
being calculated from modulus measure- 
ments. The values arrived at ranged from 
16 to 100 eV/cross link. 


PROCEDURES 


Samples of unvulcanized rubber were sent to the 
University of Michigan for irradiation by a 3000- 
curie Co® source.“5) The source consists of a 
vertical, cylindrical array of aluminium-jacketed, 
activated cobalt rods. The arrangements are such 
that it can be stored in a water well when not in use 
and raised by a windlass above the surface of the 
water for the exposures. The samples were placed 
in a wire mesh basket permanently mounted in 
such a way as to be in the centre of the cylinder of 
cobalt rods when the source was raised. Or, alter- 
natively, with lower dose rates, they could be 
arranged to be at the periphery of the raised source. 
The arrangements are convenient, in that the samples 
can be placed in position and removed without 
remote handling and without having to work under 
water. The procedure for determining the dose-rate 
of various locations near the source involved the use 
of ferrous sulphate dosimetry, and has been des- 
cribed.“6) The dose-rates used were approximately 
2 x 10° rep/h. There was no heating system in the 
cave and no control of the temperature during the 
irradiations. The ambient temperature varied in 
the tests in the range from 42° to 57°F. 

Most of the work was of a survey or screening 
character to determine the effect of rubber-com- 


pounding ingredients on gamma-ray vulcanization. 
The samples were usually small sheets pressed out 
with a laboratory hydraulic press, platens at about 
275°F, to a thickness of about 0:1 in. In some cases, 
to avoid subsequent shrinkage, it was necessary to 
clamp the sheets between metal plates at room 
temperature for about 24h. Each sheet was then 
wrapped in 5mil aluminium foil. These were 
assembled in small bundles, wrapped in aluminium 
foil, flushed with nitrogen to minimize ozone and 
oxidation effects, and sealed by dipping in molten 
paraffin. It is known that the presence of oxygen 
during the irradiation of polymers is quite degrading. 
We secured much higher tensiles when the samples 
were clamped individually between aluminium plates 
similar to the procedure used at Wright Air Develop- 
ment Center.'>) It has not been determined to what 
extent the improvement was due to moulding a 
better test piece, better exclusion of oxygen, or 
possibly to the secondary radiation emanating from 
the aluminium mould. The stress-strain properties 
of control samples and irradiated samples were 
measured with an Instron tester,“7) using a cross- 
head speed of 5in./min and miniature dumbbells 
having a neck 0-1 in. wide and about 0-75 in. 


long. 


RESULTS 


The addition of the usual chemical 
vulcanizing agents, including sulphur, did 
not seem to have much effect on gamma-ray 
vulcanization. When sulphur was present, 
no appreciable part of it combined chemically 
with the rubber, due to the gamma radia- 
tion. Experiments in which well-known 
free radical-producing compounds such as 


organic disulphides, ¢ butyl hydroperoxide 
etc., were added to the rubber, produced, 
at most, only minor improvements in the 
gamma-ray efficiency for cross linking. 
The addition of fluorescing materials such as 
anthracene was tried, but again any bene- 
ficial effects were small. It is not to be 
considered that such experiments are 
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complete or that agents will not eventually 
be found which will influence beneficially 
the course of gamma-ray vulcanization. 
The future for the process would be markedly 
improved if the large radiation dose could 
be materially reduced. The theory and 
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which can be readily reached by present 
chemical systems of vulcanization. The 
tensile strength would be expected to 
increase with the modulus, but apparently 
by the time the modulus builds up to a value 
where a high tensile strength could be 
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Fig. 2. Gamma ray vulcanization of rubber. 


understanding of the process have simply not 
advanced to a state to say whether this is 
possible or impossible. Aniline and _ allyl 
thiourea have been reported to reduce the 
degrading effect of radiation on_ poly- 
methyl methacrylate.“ This gives some 
encouragement that the excitation processes 
are of such a nature that the results can be 
modified by relatively small amounts of 
suitable chemicals. Perhaps chemical agents 
can be found which will increase the cross- 
linking efficiency of radiation. 

Fig. 2 illustrates how the physical 
properties developed upon irradiation of un- 
compounded natural rubber. In other experi- 
ments, we have reached tensile strengths of 
about 1900 p.s.i. with a radiation dose of 107 
rep. The tensile strength is considerably 
lower than the 3500-3900 p.s.i. which can be 
reached with chemical vulcanizing systems. 
This seems to be characteristic of gamma- 
ray vulcanization to date. Although the 
tensile strengths are high enough to be 
technically useful, they fall short of those 


expected, enough degradation has occurred 
to hurt the tensile strength. The course of 
the modulus-tensile relationship is shown 
in Fig. 3. The point on the plot labelled 
“conventional vulcanization” is for a typical 
rubber-gum compound vulcanized with mer- 
captobenzothiazole as accelerator. For 
vulcanization with mercaptobenzothiazole, 
the tensile strength continued to develop in a 
rather linear fashion with modulus, whereas 
the modulus rose abruptly for the highest 
radiation dose with a relatively small 
improvement in tensile strength. There are 
no well developed and _ tested theories 
connecting the tensile strength of elastomers 
with molecular structure, so that it is 
difficult to give any structural interpretation 
for this data. 

Although tensile strength is frequently 
regarded as a measure of quality for rubber, 
it should be kept in mind that rubber is not 
usually used in tension, and tensile strength 
does not enter directly into the serviceability 
of the rubber. It is quite possible that 


| | 
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initial lower tensile strength would be offset 
in service by a superior retention of properties 
due to the absence of sulphur and other 
reactive chemicals. 

Fig. 4 shows that a moderate amount of 
milling or molecular breakdown _ before 
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related to the radiation scattering effects 
of the filler particles on the primary 
radiation. 

In Fig. 6 are shown data for a series of 
zinc-oxide loadings and a dose of 10? rep. 
In this case, the breakdown of the rubber 
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Fig. 3. Relationship of modulus and tensile strength. 


irradiation was beneficial for the tensile 
strength. The molecular weights were 
determined from dilute-solution viscosities. 
It is difficult to understand this result unless 
it is related to better moulding quality and 
test-piece preparation. Tensile strengths 
secured with uncompounded GR-S have 
been poor, about 250 p.s.i., which is com- 
parable to values secured with chemical 
vulcanization. Gamma-ray vulcanization 
is apparently not able to overcome this 
inherent structural weakness of GR-S gum 
stocks. The addition of carbon black to 
GR-S is required for good tensile strength. 

Fillers had more effect on the results with 
gamma-ray vulcanization than did the usual 
rubber chemicals. Very good results were 
secured with mixtures of rubber and carbon 
black with tensiles well over 2000 p.s.i. for 
a dose of 10’ rep. Fig. 5 shows the results for 
one experiment with three radiation doses. 
It appears that there may be an optimum 
relation between filler, loading, and radia- 
tion dose. The results are evidently 


Tensile strength (psi) 


involved in incorporating the pigment seems 
to have affected the results, as indicated by 
the sharp decline in properties with the first 
addition. Fig. 7 presents results from 
another series of experiments in which 
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Fig. 4. Effect of milling on tensile strength. 
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three radiation doses were used. The slopes 
of the lines, representing an average effect 
for the pigment-loading on the tensile 
strength, were used to secure Fig. 8. Here 
the tensile strength per unit of pigment- 
loading is plotted against the log of the dose 
to show the regularity which was found in 
the development of tensile strength with the 
various pigments. Finally, in Fig. 9, the 
tensile strength per rep per gram of filler is 
shown to have a linear dependence on the 
specific volume or reciprocal of the density 
of the filler. The effects do not appear to be 
related directly to the Compton scattering. 
This depends on the number of electrons per 
cubic centimetre, and calculation shows that 
for the same loading (wt. filler per hundred 
parts rubber) the number of electrons per 
cubic centimetre is in the order ZnO, 
BaSO,, and CaCO,. But the differences in 
electron density are rather small, only a few 
per cent between ZnO and CaCQ, loadings. 
In Figs. 7, 8, and 9 scattering of points at the 
start of the curves is connected with variable 
mastication in introducing the pigment. 

The modulus data for the same group of 
samples were treated in a similar manner. 
From plots of modulus vs. pigment-loading, 
analogous to those in Fig. 7, the modulus 
increase per unit filler-loading was obtained. 
A linear relationship existed between tensile 
strengths and the log of the irradiation 
doses, but with the modulus data a linear 
relationship was found with the reciprocal of 
the radiation dose (Fig. 10). The slopes of 
these lines were found to be related to the 
atomic number of the metal in the filler 
(Fig. 11). No relationship was noted for 
these slopes with electron density, specific 
volume, molecular weight, etc. 

The above graphical relationships invol- 
ving fillers can be expressed in the following 
equations, which hold over the range of 
irradiation doses used here. 


aT |dF = k, log + |, 
dM|dF = —k,|I + I, 


where d7'/dF and dM/dF represent the slopes 
of the tensile and modulus vs. filler-loading 
plots respectively, and J the irradiation dose. 
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Fig. 8. Effect of radiation dose on tensile strength. 


I, and J, are constants. k, and k, represent 
the slopes of the lines in Figs. 8 and 10. 

The differentiated forms of these equations, 
given below, 


d(dM|dF) 


indicate that the irradiation process is most 
efficient for low doses of gamma rays. It 
also indicates that the modulus is more 
subject to efficiency decrease with increased 
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irradiation than tensile. This lowering in 
efficiency has also been noted by Lawron, 
Batwirt, and with polyethylene. 

Fig. 12 shows the x-ray diffraction pattern 
secured with a sample of slightly broken- 
down pale crépe rubber irradiated with a 
dose of 10’ rep, as compared to the amor- 
phous pattern for the unirradiated control 
sample. No crystallinity was evident in the 


latter case, presumably because of the 
plastic flow and stress relaxation in the 
un-cross-linked rubber. The radiation- 
induced cross links acted normally in 
assisting the development of a crystalline 
structure upon stretching the rubber. The 
occurrence of such a fibre structure is a 
contributing factor to the good tensile 
strength of natural rubber. 


DISCUSSION AND CONCLUSIONS 


In concluding, a few general considera- 
tions involved in gamma-ray vulcanization 
will be discussed. Any industrial future for 
gamma-ray vulcanization is tied in with 
further developments of atomic energy. 
It offers another possibility for the con- 
structive use of the huge quantities of 
radioactive wastes which are expected to 
materialize when an appreciable fraction of 
power requirements is met by atomic 
énergy. It is, therefore, dependent on the 
economy with which such wastes can 
eventually be processed and handled. 

The huge dose required for vulcanization, 
1 to 5 x 10’ rep is of a higher order of 
magnitude than that required for food and 
drug sterilization and similar applications 
for gamma radiation which seem to be on the 
horizon. The only feasible way at present to 
secure such doses in large volumes of 
material in a reasonable time short of 
using a reactor itself would be to use spent 
reactor fuel elements. Such fuel elements are 
presumably capable of supplying a dose of 
107 rep in about an hour. As mentioned at 
the start, if this dose is taken in a short period, 
the temperature rise of the rubber will be 
considerable, and might reach ordinary 
vulcanizing temperatures of 275°—-300°F. 
This suggests at once that a combination of 
cross linking due to radiation and some 
chemical vulcanization might provide a 
most efficient system for using the radiation. 
Furthermore, the heat should be sufficient to 
permit the moulding of the rubber. The 
vulcanization could conceivably be carried 
out in steel moulds, since ? in. of steel would 
reduce the intensity of 1-MeV gammas only 
about 50%. Another rather obvious pro- 
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cedure would be to mould the articles and 
give them enough conventional cure to 
permit their removal from the mould. The 
cure could then be completed by irradiation. 
One of the advantages of gamma-ray 
vulcanization would be that thick rubber 
articles, even up to a foot or more thick, 
could be vulcanised uniformly and as 
rapidly as a thin sheet. It would require 
about 35h to vulcanize a 1-ft-thick rubber 
press pad by conventional thermal con- 
ductivity heat-flow with the surfaces at 
250°F, and then there would be a difference 
by a factor of about 6 between the extent of 
the cure at the centre and at the surface. 
It is quite possible that ways will be found 
to reduce the radiation dose required for 
vulcanization. Special types of synthetic 
rubber may be developed which are parti- 
cularly susceptible to radiation cross linking. 
But, in practically every case, gamma-ray 
vulcanization will be in competition with 
a chemical process which has undergone a 
hundred years of intensive development. 
Anything so new and unexplored will 
certainly have to experience a large amount 
of research and development before it can 
reasonably be expected to find many appli- 
cations. But it is not proper to look at all the 
difficulties without mentioning some of the 
interesting new possibilities opened up by 
gamma-ray vulcanization. ‘These include 
possibilities of developing new types of 
rubber which cannot be readily vulcanized 
by chemical systems, and this chemical 
inertness, in turn, could be_ reflected 
in superior ageing stability and resistance 
to high temperature. The likelihood of 
producing rubber with much better 
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heat-resistance and ageing properties has 
already been mentioned, and, in fact, has 
been experimentally established in several 
cases.1; 1 ‘Thesmearing temperatures‘? 
for our gamma-ray vulcanizates containing 
carbon black were about 500°F, as compared 
to 400°F for ordinary vulcanizates. Cold 
gamma-ray vulcanization should permit the 
vulcanization of extruded or preformed 
shapes without the distortion which would 
occur due to heating. Likewise, metal- 
bonded rubber units would be free of the 
internal stresses which occur due to shrinkage 
of the rubber after vulcanization. Prelimi- 
nary milling, processing, and extruding of 
the rubber stock could be carried out faster 
at higher temperatures if no vulcanizing 
ingredients were present, and this might help 


to compensate for higher vulcanization 
costs. Thus gamma-ray vulcanization has 
a number of unique features, and it is not 
too much to hope that some of its possibi- 
lities will eventually find a place in industrial 
vulcanization. But this appears to be a long- 
range project related to the abundant 
production of fission-waste products, their 
utilization, and the growth of the technology 
of working with intense radiations. 
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Utilisation d’un Discriminateur d’Impulsions 
Associé a un Detecteur y a Scintillation 
pour l’Analyse par Activation 


Application au Dosage sans Separation Chimique de Il’Aluminium et du Sodium 
et au Dosage Radiometrique du Thorium dans les Minérals 


R. CHAUVIN et P. LEVEQUE 


Section d’applications des radioéléments—C.E.N. Saclay—France 


Aprés exposé du principe de la méthode, de l’appareillage nécessaire et des limitations 
introduites par celui-ci, on étudie le dosage sans séparation chimique de trois éléments 
qui se prétent particuliérement bien a cette technique grace a |’énergie élevée de leur rayonne- 
ment y. On peut ainsi doser un microgramme de sodium et d’aluminium pour un flux de 
neutrons de 10" n/cm?/s et 100 milligrammes de thorium, la sensibilité étant liée au seuil de 
discrimination adopté. La précision peut atteindre 1°, dans les cas les plus favorables mais 
est habituellement de l’ordre de 5°,. On indique ensuite quelques possibilités de developpe- 
ment de cette méthode. 


Utilization of an impulsion discriminator attached to a y scintillation detector 
for activation analysis 


The principle of the method, the apparatus and the limitations it imposes are first 
considered. ‘The quantitative determination, without chemical separation, of the three elements 
which lend themselves particularly well to this technique because of the high energy of their y 
emission, is then described. It is possible to detect 1 microgram of sodium or aluminium, with a 
flux of 10" n/cm?/sec and 100 milligrams of thorium, the sensitivity depending on the dis- 
criminator threshold. The precision may be as good as 1°, in the most favourable cases but is 
generally about 5°. Some possibilities of development of this method are then discussed. 


I] pumenenne AMCKPUMHHATOPa CBA38AaHHOTO TaMMa- 


TOPHAH B MHHepalax. 

PaccmotpeHa UMMY.IbCOB, ero yerTpolicTBo 
YeCKOPO BbIeTeHHA, TPeX OTOH MeTOAURM 
BLICOKOM UX BO3MOPKHLIM 1 MuKpo- 
rpaMMa HaTpHA WIM moTOKe HeiirpoHoB 10" (cm?) cek 100 
TOPHA, 3aBMCHT OT Topora B nando.tee 
TOYHOCTh -- 1%, HO CocTaB.IAeT 2%. 
PaccmMoTpeHbl HeKOTOpHle BOBSMO7KHOCTH MeTO 
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Gebrauch eines Impulsdiscriminators verbunden mit einem Scintillationsdetector 
fiir Aktivierungsanalysen 


Anwendung zur Bestimmung—ohne chemisches Isolieren—von Aluminium und Sodium, 
und zur radiometrischen bestimmung von Thorium in den Mineralen. Grundlagen der 
Methode, der Apparat und Beschrankungen der Anwendungsméglichkeiten wurden in 


Betracht gezogen. 


Die quantitative Bestimmung ohne chemisches Isolieren der drei Elemente, die infolge 
ihrer hohen Energie der Ausstrahlung fiir diese Technik besonders geeignet sind, wurde 


beschrieben. 


Es ist méglich ein Mikrogramm Sodium oder Aluminium mit einem Fluss von 10” 
n/em®? sec und 100 milligramms Thorium festzustellen. Die Empfindlichkeit ist von der 


Aussonderungschwelle abhanging. 


Die Methode ist bis 1°, in giinstigen Fallen, in anderen Fallen bis 5°4 genau. 


Entwicklungsméglichkeiten der Methode wurden besprochen. 


1. GENERALITIES 


On peut caractériser un radioélément par 
l’énergie de son rayonnement y et par sa 
période. A titre d’exemple, nous avons 
porté dans le tableau 1 les radioéléments 


émetteurs d’un rayonnement y d’énergie 
supérieure a 2 MeV, formés par réaction 


TABLEAU 1. 
Section 
Energie Radio- de y par 
y élément Période désinté- 
gration 
2.05 Sb-124 60 j 1,2 
2,1 As-76 26.8 h 4,2 0,04 
2,10 C1-38 38 m 0,15 0,45 
2,13 Mn-56 2.6h 13 0,15 
2.2 F-20 12 sec 0,01 1 
2,32 In-116 54 min 140 
La-140 40h 8,4 0,06 
2,51 Ga-72 14,.2h 
2,75 S-37 5m 0,2 10-4 0,9 
2.76 Na-24 15,0h 0.6 1 


(ny) en neutrons thermiques. On a égale- 
ment indiqué leur période et la section 
effcace de la réaction pour [élément 
naturel dont ils proviennent. 


On utilise un détecteur y a scintillation 
constitué d’un cristal d’iodure de sodium, 
dun photomultiplicateur, d’un amplifica- 
teur, d’un discriminateur et d’une échelle de 


2. APPAREILLAGE 


I] sera possible de détecter Na 24 sans 
séparation chimique si on peut éliminer tout 
rayonnement y d’énergie inférieure a 2,5 
MeV, le soufre 37 pouvant étre négligé a 
cause de sa faible section efficace de forma- 
tion et de sa période. En absence de 
gallium et de lanthane on peut attendre la 
disparition des périodes courtes (F-20 et 
In-116) et fixer le seuil de discrimination a 
2,13 MeV, par exemple, ce qui améliore 
considérablement la sensibilité du dosage. 
On possédera ainsi une méthode d’analyse 
plus sélective. Le comptage d’un rayonne- 
ment y de haute énergie permet dans la 
plupart des cas d’éviter les corrections de 
densité. Les échantillons sont conditionnés 
dans des petits tubes de polythéne, cette 
matiére plastique ayant lavantage d’etre 
bien malléable et de ne pas donner d’activité 
y genante aux seuils de discrimination que 
nous avons utilisés. Les échantillons sont de 
forme cylindrique et de volume rigoureuse- 
ment constant (diamétre 8mm, hauteur 
8 mm). 

Dans certains cas la présence de rayons £ 
d’énergie élevée nous a conduit a placer 
entre la source et le détecteur un écran de 
2 g/cm. 


comptage. Dans certains cas le seuil de 
discrimination n’a pas besoin d’etre fixe 
avec précision et on peut se contenter dé 
lensemble classique de comptage (type 
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DCSI)* en utilisant le discriminateur du 
tiroir d’entrée de l’échelle. La stabilité d’un 
tel ensemble est satisfaisante quand on mesure 
des périodes courtes et on a pu suivre la 
décroissance de Cl-38 pendant plusieurs 
heures.t Quand le seuil doit étre fixé avec 
précision (par exemple pour le dosage de 
sodium en présence de gallium, ou d’alumi- 
nium en présence de vanadium) il est 
nécessaire d’utiliser un discriminateur trés 
sensible et d’amplifier beaucoup les im- 
pulsions provenant du photomultiplicateur; 
celui-ci est alors suivi d’un amplificateur 
linéaire a large bande passante (1,5 Mc) et 
d’un discriminateur (type DAO 2).f La 
stabilité de cet ensemble est satisfaisante 
pendant quelques heures, mais ne permet 
pas de suivre la décroissance d’un radio- 
élément a période longue. Nous avons 
utilisé cet appareil pour le dosage du sodium 
et du thorium car on peut alors se contenter 
de faire des mesures comparatives. 

Le rendement du cristal d’iodure de 
sodium décroit rapidement pour les énergies 
y élevées. Ainsi pour un cristal de 2,5 cm 
d’épaisseur, le rendement passe de 57° pour 
un rayonnement y de 0,5 MeV, a 42% pour 
un rayonnement y de 1 MeV et a 30% 
seulement pour 2,5 MeV. L’emploi d’un 
cristal de grandes dimensions est donc 
préférable pour la détection d’un rayonne- 
ment y de grande énergie. 

L’emploi d’un cristal creux permet d’ob- 
tenir pratiquement un facteur de géométrie 
de 47 ce qui améliore le rapport: taux de 
comptage/activité de |’échantillon. 

Une des caractéristiques trés importante 
du détecteur a scintillation est la possibilité 
de mesurer des taux de comptage élevés et 
on peut admettre que les ensembles de 
comptage utilisés peuvent détecter sans 
perturbation 104 a 10° impulsions par 


* Fabriqué par L.I.E. sous licence C.E.A. 


seconde. Au cours du comptage avec 
discriminateur on ne connait pas le nombre 
total d’impulsions détectées et il peut 
arriver que ce nombre dépasse la limite 
admissible de 10° impulsions par seconde; 
on risque alors un empilement d’impulsions 
de faible énergie pouvant produire des 
impulsions d’amplitude supérieure au seuil 
de discrimination utilisé. Ce phénoméne 
est observable en présence de certains 
éléments a forte section efficace et en quantité 
relativement importante par rapport a 
Pélément a doser. 

Nous avons obtenu des interférences de ce 
genre au cours du dosage de sodium en 
présence de manganése ou d’uranium; 
dans ces deux cas il suffit d’utiliser une 
géométrie plus défavorable ou de _ laisser 
décroitre quelques heures les activités de 
période plus courte que le sodium pour avoir 
un taux de comptage admissible. 


Etalonnage du discriminateur 


On utilise une série de radioéléments 
émetteurs y de période longue, parmi 
lesquels notamment Cs 137 (Ey = 0,662 
MeV), Co-60 (Ey max. = 1,32), ThC” en 
équilibre dans un minerai de thorium 
(Ey = 2,59), radium (2,2 MeV). On peut 
également prévoir d’autres radioéléments a 
période plus courte, pour définir des condi- 
tions particuliéres. On trace les courbes de 
discrimination pour les différents radio- 
éléments et déduit les valeurs intermédiaires 
par interpolation. 

Pour les seuils de discrimination utilisés, 
le mouvement propre des appareils est trés 
faible, de l’ordre de 20 chocs/minute au- 
dessus de 2,2 MeV, méme sans protection. 

On élimine ainsi une des imperfections du 
détecteur a scintillation, et évite l’emploi de 
chateaux de plomb encombrants et cotiteux. 


+ Pour les périodes longues, il n’est pas possible de corriger les variations du seuil de discrimination en se 
basant sur I’activité du standard, car la présence possible de rayonnements d’énergie et de périodes différentes 
dans l’échantillon détruit la proportionnalité des taux de comptage de l’échantillon et de ce standard en fonction 
du seuil. II serait nécessaire, avant chaque mesure, de fixer le seuil de discrimination 4 une valeur telle qu’un 
échantillon d’activité constante produise un taux de comptage bien déterminé, mais le procédé est d’un 


emploi peu pratique. 
+ Fabriqué par L.E.P. sous licence C.E.A. 
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3. DOSAGE DE 


La réaction 27 Al (n,y) 28 Al a une 
section efficace de 0,21 barn le schéma de la 
désintégration de 28 Al étant le suivant: 


T = 2,3 min stable 


Les radioéléments émetteurs y d’énergie 
supérieure a 1,8 MeV obtenus par réaction 
n, y en neutrons thermiques sont en nombre 
relativement limité et il n’en existe pas de 
période inférieure a 38 minutes corre- 
spondant au chlore 38. Parmi les radio- 
éléments de période voisine de celle de 
Valuminium-28, le vanadium-52 est un 
émetteur y d’energie 1,46 MeV (période 
3,8 min.; section efficace de formation: 
4,5 b) et le cuivre 66 un émetteur y d’énergie 
1,32 MeV (période 5 min.; o = 0,56 b). 
En adoptant un seuil de discrimination de 
1.5 MeV nous éliminerons donc tous les 
éléments génants de période inférieure a 
38 min. d’ot la possibilité de doser l’alumi- 
nium sans séparation dans de nombreux cas. 

Les échantillons sont constitués de facon 
identique a celle décrite ci-dessus; le seuil de 
discrimination est fixé a 1,5 MeV; le 
comptage esi fait pendant 30 secondes, 
successivement sur l’échantillon et sur un 
standard. On suit la décroissance pendant 
quelques dizaines de minutes, pour tenir 
compte de l’activité résiduelle a période 
longue s’il y a lieu. 


Eléments génants 

Dans le tableau 2 nous avons porté les 
rapports en poids de l’élément pouvant 
interférer avec l’aluminium tels que I’activité 
die a l’élément génant soit égale a celle de 
aluminium a la fin de irradiation, cette 
valeur nous semblant permettre une sépar- 
ation assez précise des périodes longues. 


* Dosage de l’aluminium en présence d’uranium: 
U Al et dans certains minéraux uraniferes. 
fer ferrique, puis on traite la solution par CO,;Nay. 
au carbonate puis 


de quantités importantes de sodium dans le précipité d’hydroxyde. 
Comme standard on utilise une solution d’aluminium 4 laquelle 


on prépare |’échantillon comme précédemment. 


on ajoute la méme quantité de fer entraineur et on précipite les hydroxydes. 


L’ALUMINIUM 


Nous avons fait le calcul des activités 
relatives en supposant le rendement du 
cristal constant pour toutes les énergies y 
supérieures a2 1,5 MeV. Les chiffres de la 
troisieme colonne sont donc les valeurs 
maxima approximatives permises des con- 
centrations relatives de élément génant et 
de Valuminium dans l’échantillon pour un 
dosage sans séparation. 

On a supposé que le temps d’irradiation 
était de 5 minutes. 


TABLEAU 2. 


Elément 
génant X Période 


X/Al en poids 


Chlore | 38 minutes 
Indium 54 minutes 
Manganese 2,6 heures 
Sodium 15,0 heures 
Lanthane 40 heures 


L’uranium est également un élément 
génant qui donne une forte activité des 
produits de fission parmi lesquels existent 
de nombreux radioéléments a_ périodes 
courtes. 

La figure 1 représente les courbes de 
décroissance d’un échantillon d’uranium 
et d’un échantillon d’alumine, irradiés 
ensemble pendant | minute dans un flux 
de n/cm?/sec. 

La période apparente des produits de 
fission n’étant pas constante et dépendant du 
temps dirradiation, il sera nécessaire de 
séparer uranium avant activation pour 
doser Valuminium.* concentration 
relative admissible de uranium dans I’alumi- 
nium est 0,01, valeur que nous avons 
déterminée expérimentalement pour que 


Nous avons entrepris de doser l’aluminium dans les alliages 
Pour cela lVéchantillon étant mis en solution, on ajoute 50 mg de 
Il est nécessaire de faire au moins 3 séparations successives 
une derniére précipitation des hydroxydes par l’ammoniaque afin d’éviter la présence 


On séche puis calcine le précipité, et 


Un essai sur le fer entraineur 


seul n’a pas montré la présence de quantités décelables d’aluminium dans les réactifs. 
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Pactivité die a luranium au début du 
comptage soit inférieure a 1% de l’activité 
de laluminium, pour une irradiation de 
5 minutes. 

Le tableau 3 rassemble les résultats 
obtenus sur différents échantillons. 

La sensibilité du dosage est de 5 micro- 
grammes d’aluminium pour une irradiation 
a saturation dans un flux de 10! n/cm?/sec, 
le taux de comptage étant alors de 2.000 
chocs/min a la fin de l’irradiation. 


La précision sur les résultats est de l’ordre 


TABLEAU 3 


Nature de l’échantillon | Al % trouvé Al % chimie 


Cryolithe (AIF,—3NaF) 13.5 
Roche 15,] 
Alliage U—AI | 0,09 | 
D,O 0,014 


3 


\ 


1 

2 

6 

4 
3 
6/57 


Activité 


Fic. 1.—Décroissance de l’activité d’un 


échantillon d’aluminium et d’un échantillon 


1 
9 
8 
7 
6 
4 
3 


duranium. Durée d’irradiation 1 min. 


Seuil de discrimination 1,5 MeV. 
Temps d’irradiation 1 minute 


¢ = neutrons/cm?/s 


poids d’aluminium 9,2 mg 
poids d’uranium 7,6 mg 


+42 2456769 ON 


Temps min 


4. DOSAGE DU SODIUM 


La section efficace de la réaction 78Na 
(n, y) en neutrons thermiques est de 
0,6 barn, le schéma de désintégration de 
24Na étant le suivant: 


= 
24 Na|p- 1,39 |y 1,38 


24 Mg 
T = 15,0\h | stabl. 


Les difficultés du dosage chimique du 


sodium sont bien connues et il semble que 
pour le dosage de traces, seule l’analyse par 
activation permet d’obtenir des résultats 
suffsamment précis et reproductibles. La 
grande solubilité de la plupart des sels de 
sodium et la présence de cet élément dans les 
réactifs rend particuliérement intéressante la 
possibilité de non contamination des échan- 


13,4 

0,10 

0,012 

| 

| 
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tillons. L’abondance des publications sur 
le dosage du sodium par activation souligne 
également l’intérét de cette 

La figure 2 représente le spectre y de 
24Na et met en évidence le rayonnement y de 
2,76 MeV de ce radioélément. Dans le 
cristal Nal(TI) ce rayonnement dur est 
absorbé en partie par le phénoméne de 
production de paires ce qui explique la 
présence des pics a 1,76 et 2,26 MeV. 
Cette énergie de 2,76 MeV de *4Na est la 
plus élevée de toutes les énergies y émises par 
les radioéléments obtenue par réaction n, y 
en neutrons thermiques. ‘1 nous a donc 
paru intéressant de supprimer toute inter- 
férence d’élément génant en utilisant un 
seuil de discrimination de 2,60 MeV, bien 
que ce procédé diminue d’une fagon impor- 
tante la sensibilité du dosage. 

Les étalons utilisés étaient soit du carbonate 
de sodium, soit des solutions de soude. 

Nous avons étudié plusieurs échantillons 
minéraux et les résultats obtenus sont 
indiqués dans le tableau 4. 


TABLEAU 4 


Nature de l’échantillon Na % trouvé Na % chimie 


32,4 


34,8 


Cryolithe (AIF,, 3NaF) 
Aluaudite 

(phosphate Fe, Mn, Na) 
Villiaumite (NaF) 
Roches 1 
Roches 2 


On mesure successivement l’activité du 
standard et de l’échantillon et on suit la 
décroissance pendant quelques heures afin 
d’éliminer, s'il y a lieu, les perturbations 
dues a |’activité intense d’un constituant de 


5. DOSAGE RADIOMETRIQUE DU 


Parmi les radioéléments naturels l’énergie 
y la plus élevée provient du thorium C” 
(2,59 MeV) et ici encore l’utilisation du 
discriminateur permet de sélectionner ce 
rayonnement daus tout produit actif naturel 
et en particulier d’éliminer toute l’activité 
provenant des radioéléments de la famille de 
Puranium. 


R. Chauvin et P. Lévéque 


Péchantillon (uranium ou manganése comme 
nous l’avons déju indiqué plus haut). La 
présence dans I’échantillon d’un élément a 
forte section efficace pour les neutrons 
thermiques doit évidemment mettre en garde 
contre les effets d’autoabsorption ou de 
perturbation du flux au cours de l’irradiation 
et les précautions nécessaires doivent alors 
étre prises pour obtenir un résultat valable. 

Cette méthode permet de doser 1 micro- 
gramme de sodium avec une précision de 


quelques %. 


A 


Activité 


"| 
2 25 275 MeV 
Energie 
Fic. 2.—Spectre y de Na*4. 


THORIUM DANS LES MINERALS 


La figure 3 représente les spectres y d’un 
minerai de thorium et d’un_ minerai 
d’uranium. 

Certaines limitations interviennent ce- 
pendant pour ce dosage et en particulier il 
est nécessaire que l’équilibre radioactif de 
tous les éléments de la famille du thorium 
soit réalisé. 


= 
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coups/min 


Th 
2:6 MeV 


Activité 


! 
1-5 2 


Energie 
Fic. 3.—Spectres y du thorium et du radium en 


équilibre avec leurs descendants. 
Canal 40 keV. 


Un risque d’erreur impossible a éviter est le 
déséquilibre des premiers termes de la famille 
qui comprennent des radioéléments dont la 
période est de plusieurs années; cependant 
aucun des minerais étudiés ne présente ce 
déséquilibre et on peut espérer qu’il est rare, 
compte tenu de la faible solubilité des sels de 
thorium et de radium. 

Il est également nécessaire que |’émana- 
tion et les radioéléments qui en proviennent 
soient en équilibre avec le thorium X. Le 
thoron a une période de 54 secondes et ne 
peut donc diffuser trés loin de l’échantillon 
contrairement au radon (période 3,8 jours). 
Il ne nous a pas été possible de mettre en 
évidence une erreur due a ce phénoméne.?®) 


Etalonnage 
On utilise un sel de radium et on régle le 


seuil de discrimination de facgon a ne plus 


enregistrer d’activité due au radium. La 
présence du rayonnement y de Ra C’” 
(énergie supérieure a 2,6 MeV) laisse sub- 
sister une légére activité résiduelle qui peut 
étre négligée, emission de ce rayonnement 
y mintervenant que dans 0,04% des deés- 
intégrations. Ce phénoméne introduisant 
une erreur de 1% pour les rapports U/Th de 
3, il faudrait cependant tenir compte de cette 
activité pour le dosage de petites quantités 
de thorium dans des minerais riches en 
uranium. 


Résultats 

Dans le tableau 6 nous avons porté les 
résultats obtenus pour différents échantillons 
ainsi que les teneurs correspondantes déter- 
minées chimiquement. 


TABLEAU 6 


Echantillon Th % trouvé | Th % chimie 


68,8 


68,7 
74,3 
15,6 16,3 
0,88 1,02 
| 0,60 0,56 


| 
| 
| 


La précision est de l’ordre de 5°% pour les 
teneurs en thorium supérieures a 5% a 
condition de limiter les fluctuations de 
comptage a 1%. 

Les mesures sont faites sur des échantillons 
de méme volume. La sensibilité est de 
100 mg de thorium donnant une activité 
mesurée de 100 chocs/minute a un seuil de 
discrimination de 2,4 MeV. On peut donc 
mesurer les teneurs supérieures a 0,1% 
en utilisant des échantillons de 100 grammes 
ce qui est facilement réalisable. 


Densité 


Les corrections de densité sont en général 
négligeables pour les échantillons riches en 
thorium car on peut faire la mesure sur 
quelques grammes de produit seulement. 
Le coefficient d’absorption d’un y de 2,5 
MeV dans un élément lourd est 0,045 cm?/g 
correspondant a une autoabsorption de 


| 
Ra 
OL. 
a 
56/57 2.2 | 
MeV 
25 MeV 
4 
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quelques °% seulement dans un échantillon 
de 10 grammes ayant une épaisseur 
de | g/cm?. 


Pour les faibles teneurs nécessitant le 
comptage d’échantillons de 100 grammes, 


R. Chauvin et P. Lévéque 


la densité peut avoir une certaine importance 
et donner lieu a une correction. 

Il est de toute fagon recommandable 
d’avoir des standards de densité comparable 
a celle de l’échantillon a mesurer. 


6. CONCLUSIONS 


La méthode que nous venons de décrire 
semble étre susceptible d’applications diverses 
notamment en minéralogie ot le dosage du 
sodium et de l’aluminium dans des roches 
complexes nécessite souvent des séparations 
longues et délicates. Un des avantages 
principaux du dosage sans séparation chimi- 
que est la rapidité et la possibilité de faire 
des analyses en série avec un_ personnel 
réduit. La sensibilité est suffisante pour les 
applications courantes et la précision dans 
le domaine des faibles teneurs doit faire 


considérer cette méthode comme spéciale- 
ment adaptée a cet usage. Nous pensons 
quelle est applicable dans de nombreux 
cas, et on peut méme envisager le dosage 
d’un élément donné en présence d’un 
émetteur y d’énergie plus élevée par des 
comptages a différents seuils de discrimina- 
tion, ou bien encore la mise en oeuvre de 
séparations chimiques simples ne nécessitant 
pas l’obtention d’un corps radiochimique- 
ment pur mais seulement |’élimination d’un 
petit nombre d’éléments génants. 
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Abstracts of papers presented 


A Simplified Technique for Measurement 
of Blood Volume With RISA: Paut R. 
Nose, JoHN G. Fox, and C. R. PErrRy- 
MAN, Pittsburgh, Pa. 


The technique of blood- and plasma- 
volume measurement by radioactive isotopes 
has been well established using RISA, 
Cr®*! and Fe®*. In an effort to refine the 
RISA technique for routine clinical appli- 
cation the following method has_ been 
evolved. The preparation of a standard 
is time consuming and a source of technical 
error. This step has been eliminated by 
using a counting technique to arrive at a 
ratio of counts per second for a given source 
in different geometrics relative to a well 
counter. This ratio allows us to compare 
by simple arithmetic the injected source and 
a four milliliter sample of blood or plasma 
withdrawn after the usual mixing time. 
Errors due to incomplete mixing of a 
standard, volatilization of iodine or de- 
position on the volumetric flask wall are 
avoided. Time-consuming preparation of a 
standard is also avoided. In our laboratory 
the blood volume, plasma volume, and 


hematocrit are available to the surgeon 
within thirty minutes when required, and 
the procedure may be repeated as often 
and as soon as necessary. Our measurements 
indicate a potential technical error of 
3-5%, which we believe is satisfactory for 
routine clinical application. We do not 
recommend the technique as a research tool 
in situations where a higher degree of 
accuracy is required. 


Studies on Blood Volume in Man 1. Total 
Blood, Plasma, and Red-Cell Volume in 
Normal Subjects: Ropert E. Zipr, Jor 
M. Wesser, and G. RICHARD GROVE. 


The facile application of radioisotope 
techniques to the precise determination of 
blood volume has provided an indispensible 
laboratory procedure for the clinical control 
of body-fluid and blood-volume alterations 
in many medical and surgical patients. 
The significance of these determinations 
is wholly dependent upon the ability of 
the clinician to establish accurate theoretical 
normal blood-, plasma-, and red-cell-volume 
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values for each patient. This study presents 
results obtained by the gravimetric method 
from a control group of two hundred normal 
adults including male and female subjects 
of young, middle, and older age. These 
results are summarized in Table 1. Experi- 
mental data from these determinations show 
generally good agreement with analysis of 
results published in other blood-volume 
studies. A method of utilizing these results 
to establish theoretical normal or ideal 
blood, plasma, and red-cell volume in 
individual patients is described. 


TaBLe 1. Normalized Values in Milliliters per Kilogram 
of Ideal Body Weight 


Male Female 


Age (18-65, 
Whole-blood volume 73 | 73 66 
Plasma volume 42 | 43 42 41 
Red-cell mass 33 | 32 | 31 | 25 


An Improved Method for Relating Blood 
Volume to Weight: Ropert K. FuNK- 
HOUSER and Watter H. PRITCHARD, 
Cleveland, Ohio. 


In the analysis of a group of data on 
blood volume, plasma volume, and red-cell 
volume in congestive heart failure, the 
authors have sought to compare group data 
on eleven control patients and nine con- 
gestive-failure patients. After comparison 
was attempted with the conventional cc.-per- 
kilogram ratio method of analysis, a fallacy 
of this method came to light which had 
previously been emphasized by J. M. 
TANNER (fF. Appl. Physiol. 2, 1, 1949). The 
present authors will present this small 
series of data in illustration of the importance 
of proper analysis of blood volume data. 
By using a slightly different analysis, we 
have found that the ability to detect signifi- 
cant differences in small groups is increased. 
By this method, not only is the acuity of 
analysis increased, but possible completely 
erroneous conclusions may also be avoided. 


In the analysis of our data and that of 
Reit_y, Frencu, Lau, Scorr and 
(Circulation 9, 571, 1954), we have found 
that (1) blood volume is increased in 
congestive heart failure, and (2) the blood- 
or plasma-volume increase is related to the 
amount of edema. 


Preliminary Studies on the Applicability 
of Radioactive Sodium Chromate to the 
Simultaneous Measurement of Both Red 
Cell and Plasma Volume: RAyMoND 
C. Reap and Sicrip GILBERTSEN, Minne- 
apolis, Minnesota. 


One hundred red cell volumes have 
been determined in patients on the wards 
of the University of Minnesota Hospitals 
using radioactive chromium. 

The plasma volume has been estimated 
in each case on the assumption that ascorbic- 
acid-treated sodium chromate labels plasma 
proteins. 

The relationship between the peripheral 
hematocrit and the total body hematocrit 
derived from these premises has been 
determined. These values have been com- 
pared with previously reported studies in 
which red-cell volumes were determined 
with Evans blue dye. The results indicate 
that the excess sodium chromate not taken 
up by the red cells when treated with 
ascorbic acid can be used to measure plasma 
volume if its concentration in the serum 
remains low. 

The implications of these findings have 
been discussed and suggestions made for 
the more extended application of this 
procedure for the simultaneous determina- 
tion of both red-cell and plasma volume 
using a single tracer. 


The Evaluation and Interpretation of 
Isotope-Labelled Erythrocyte Survival 
Studies: Kriaus Mayer and ALLyn B. 
Ley, New York City. 


In essence all anemias are due to either 
an impairment of red-cell production or 
accelerated destruction. Whenever a con- 
stant level of circulating erythrocytes has 
been attained, it is clear that production 
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equals destruction. The determination of 
the manner and rate of destruction will 
therefore lead to a calculation of production 
rate. 

To measure red blood-cell survival it is 
necessary to label the erythrocytes and to 
measure their disappearance as a function of 
time. For the label to be an adequate one 
it must be irreversible and not subject to 
reincorporation. If the tag is removed from 
cells at a more rapid rate, this rate of 
removal or elution must be known. 

There are two distinct approaches to 
tagging red cells. One incorporated tagged 
amino acids in cells as they are produced, 
and the other tags circulating erthrocytes 
by such agents as Chromate and Di- 
isopropylflurophosphonate-32. By the first 
method young cells are labelled as they are 
produced, while by the latter method cells 
of all ages are tagged. 

Studies by the latter method are to be 
presented and an approach will be described 
which differentiates red cell disappearance 
due to random destruction from that due 
to a process related to erythrocyte aging. 


By the determination of daily rates of 
cell disappearance from each cause the 
daily rate of cell production can be calcu- 
lated. 


Decreased Red-Cell Survival Time in 
Patients With Hepatic Cirrhosis: FRANCES 
AnN ALLEN and ArtHuR P. KtorTz, 
Kansas City, Missouri. 


Increased hemolysis is a feature of some 
cases of advanced hepatic cirrhosis. Marked 
hemolysis in cirrhotics can usually be 
diagnosed without great difficulty. Patients 
with less severe manifestations of cirrhosis, 
however, may also have some degree of 
hemolysis which is difficult to demonstrate 
clinically by the usual laboratory methods, 
including routine’ fecal urobilinogen 
studies. 

Radioactive chromate red-cell survival- 
time determinations have been performed 
on cirrhotics and normal controls. Routine 
fecal urobilinogen studies have been normal 
in all of these cases. The red-cell survival 


time has been shown to be decreased in a 
significant proportion of the patients studied. 
This suggests a hemolytic state that is 
not easily identified by ordinary labora- 
tory procedures, including quantitative 
urobilinogen stool studies. A study of the 
effect of steroids in these patients is in 
progress. 


Clinical Evaluation of the Schilling Test: 
Paut S. HAGEN and ALFreD M. DoscHER- 
HOLMEN, Minneapolis, Minnesota. 


In examining a series of patients for the 
presence of pernicious anemia a false positive 
urinary-excretion test was encountered. 
Therefore, an appraisal of the value of this 
test was undertaken by comparing the 
results with those ‘obtained by the simul- 
taneous measurement of fecal excretion of 
radioactivity (Heinle method). Three dif- 
ferent test doses of vitamin B,, were used, 
0-1, 0-5, and 1-0 ug, respectively, containing 
from 0-02 wc to 0-07 wc of Co”. The 
0-1 ug dose gave the most satisfactory 
results with both the Schilling and the Heinle 
methods. With larger test doses, the average 
stool excretion of radioactivity increased 
while the average urinary excretion de- 
creased. The average stool excretion in 
68 tests on 56 nonpernicious-anemia subjects 
was 37:6°%, while the urinary excretion 
value was 23-7°%. In 29 simultaneous tests 
performed on 21 patients with Addisonian 
pernicious anemia the average stool excre- 
tion was 78-5%, while the urinary excretion 
was 0-3%. Three patients with intestinal 
megaloblastic anemias excreted from 80-5 
to 93-9% in the stool and no radioactivity 
in the urine. The excretion pattern was 
converted to normal in patients with Addi- 
sonian pernicious anemia and total gastrec- 
tomy with the addition of a potent intrinsic 
factor concentrate, but there was no change 
in the stool and urinary findings in the 3 
patients with intestinal disorders. The 
absorption of vitamin B,, was normal in 
three cases of nutritional megaloblastic 
anemia. 

Several factors influenced the results of 
both the Heinle and the Schilling tests and 
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false negative as well as false positive tests 
may be encountered with both methods. 
In this series the Heinle test gave over- 
lapping of results in the pernicious-anemia 
and nonpernicious-anemia groups in 9 out 
of 97 tests, while no overlapping was found 
with the Schilling test. However, a false 
positive Schilling test was encountered in 
one instance. 

Although the Schilling test on rare 
occasions may be falsely positive, it appears 
to be a reliable test in the diagnosis of 
pernicious anemia. 


Radioactive Vitamin B,, Absorption 
Studies: Results of Direct Measurement 
of Radioactivity in the Blood: ALFRED 
M. DoscHERHOLMEN and _  S. 
Hacen, Minneapolis, Minnesota. 


The absorption of vitamin B,, was deter- 
mined by measurement of radioactivity of 
blood or plasma samples collected after the 
oral administration of radioactive vitamin 
B,,. Radioactivity measurements were made 
with a 20-ml well-type scintillation counter. 

Test doses consisted of 0-46 wg and 
0-92 ug of vitamin B,, containing 0-5 wc 
and 1-0 wc of Co®, respectively. Definite 
radioactivity usually first appeared at 4 
hours. Then the activity increased until a 
peak was reached in the 8-12 hour interval. 
The plasma clearance of radioactivity was 
slow and slight activity was usually present 
after 1 week. 

Thirty nonpernicious-anemia patients had 
peak net counts ranging from 17 to 54 per 
minute in plasma after the smaller test dose, 
and 3 had 56 to 108 counts per minute 
after the bigger test dose. 

Seven patients with pernicious anemia 
showed either no radioactivity or only 
traces 1:1 the plasma. However, when 
potent intrinsic-factor concentrate was ad- 
ministered simultaneously with the test 
dose of vitamin B,,, plasma radioactivity 
was within the range found in control 
subjects. A fairly good correlation was 
found between the plasma levels of radio- 
activity and the urinary excretion of radio- 
activity after a flushing dose of unlabeled 


vitamin B,,. Smaller scintillation counters 
have been found practical in further appli- 
cations of the direct plasma-measurement 
technique. 

This method appears valuable in the 
diagnosis of pernicious anemia and other 
vitamin-B,, malabsorptive states, in the 
evaluation of intrinsic factor activity, and 
in studies of various aspects of the metabolism 
of vitamin B,,. 


Experience with the Radioactive Vitamin 
B,, Urinary-Excretion Test of Schilling: 
MartTua E. Smiru and Tyra HurtcHEns, 
Portland, Oregon. 


Because the Schilling test is one which 
any routine laboratory equipped for clinical 
isotope studies can easily handle, and 
because this test is felt to have practical 
usefulness, this procedure has been set up 
in our laboratory on a trial basis. This 
report covers our practical experience with 
the first 100 tests performed, using an oral 
dose of 0-5 wc of vitamin B,, Co® with 
specific activity 758 wc/mg or 1035-1082 

56 patients with a diagnosis of pernicious 
anemia, who came to the Out-patient Clinic 
for treatment, and 3 normals were tested— 
without using intrinsic factor. Except for 
3 cases, the vitamin B,, Co*® excretion 
per 24 hour urine was 0-3-3°%, of the oral 
dose. The results of 4 tests on 3 normal 
individuals were 11-5—26-1°%. Outpatients 
who have had gastric analyses for various 
reasons and who did not have a diagnosis 
of pernicious anemia were tested as further 
controls. They had excretions of 8-9-26-5%, 
of the oral dose per 24 hour urine. 

Recently, patients with diagnostic prob- 
lems have been studied on a consultation 
basis and a few intrinsic factor studies have 
been done as seemed indicated. These 19 
cases included 9 cases previously diagnosed 
as pernicious anemia in which there was 
some question about the diagnosis or which 
were first seen in remission. In addition, 
there were 4 cases of nutritional macrocytic 
anemia, 2 macrocytic anemias of unknown 
etiology, 1 macrocytic anemia associated 
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with combined hepatic and renal disease, 
one cerebellar ataxia treated with vitamin 
By, one acquired erythroid hypoplasia of 
bone marrow, and one case of macrocytic 
anemia due to intestinal anastomosis. These 
cases will be discussed in detail. 


The Use of the Schilling Test for the 
Evaluation of Intrinsic-Factor Prepara- 
tion: STEVEN ScHWARTz, Wm. Mastow, 
Ropert Srorey, and D. L. TABERN, 
Chicago, linois. 


The current official assay method for 
intrinsic factor based upon observing the 
clinical response in P.A. patients in relapse 
is so unsatisfactory, and the number of cases 
which may be carried out with it is so small, 
that the Schilling test is being actively 
studied as a replacement. 

A co-operative project of Cook County 
Hospital and Abbott has carried out, during 
the last two years, more than 600 determi- 
nations on various research and production 
lots of I.F. Before this method could be 
employed with adequate confidence, it was 
necessary to study (1) the relation of the 
size of the radiocyanocobalamin dose to 
the urinary output response, (2) the efficiency 
of various counting systems, (3) the effect 
of various levels and purities of intrinsic 
factor on output, (4) the safety of the pro- 
posed method, (5) the possible need for 
repeated flushing doses and (6) the corre- 
lation between assays carried out by the 
two procedures. 

Data is presented indicating that 0-5 to 
0-7 ug of By, containing 0-25 or 0-5 we 
provides a safe dosage level and a urinary 
Co® B,, output that may be counted with 
equipment in most hospital isotope units. 
The method is applicable to the types of 
preparation now being produced and used 
in medical practice. Providing ‘‘standard- 
ized” patients are used and one has deter- 
mined that the responses are on the rising 
portion of the dose output curve, the results 
in every case where intercomparison has 
been possible, have checked those of the 
clinical evaluation test. 


Studies on the Biosynthesis of Heme: 
H. C. Scuwartz, A. G. E. 
CARTWRIGHT, and M. M. WInTROBE, 
Salt Lake City, Utah. 


A method, based on the uptake of radio- 
iron into meme, has been utilized for the 
measurement of heme synthesis in a hemo- 
lysate of chicken erythrocytes. By this 
method it has been possible to study various 
factors which stimulate and other factors 
which inhibit heme synthesis. 

The addition of glycine, A-aminolevulinic 
acid, porphobilinogen, or protoporphyrin 9, 
stimulated heme synthesis. The addition of 
coproporphyrin I or III, or uroporphyrin I 
or III, did not augment the uptake of 
radioiron into heme. 

These studies lend support to the concept 
that glycine, A-aminole vulinic acid, por- 
phobilinogen, and protoporphyrin 9, are 
intermediates in the synthesis of heme, but 
they do not lend support to the concept that 
uroporphyrin and coproporphyrin are inter- 
mediates in heme synthesis. 

Evidence obtained suggests that the in- 
corporation of iron into protoporphyrin 
in the synthesis of heme is an enzymatic 
reaction. This reaction is inhibited by 
KCN and heating to 56°C. Preliminary 
studies on the purification of this enzyme are 
described. 

The synthesis of heme in the chicken 
erythrocyte hemolysate was potentiated by 
citrate in the presence of glycine, but citrate 
had no effect in the presence of porphobi- 
linogen. Succinate, in the presence of 
glycine, did not enhance heme synthesis. 
Inhibition of heme synthesis occurred on the 
addition of malonate or lead. 


Fe’ Utilization During Heme Biosynthesis: 
Ricuarp A. Neve, Ropert F. Lasse, 
and Rospert <A. A vpricH, Portland, 
Oregon. 


The pathway of porphyrin biosynthesis 
has been elucidated in considerable detail 
in recent years, but the incorporation of iron 
into porphyrin to produce heme has received 
little attention. Knowledge of the mechan- 
ism by which iron is inserted into the 
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porphyrin ring may have important clinical 
implications in the group of anemias charac- 
terized as being “refractory.” 

In studies to determine the site of iron 
incorporation, results have been obtained 
which indicate that reduced uroporphyrin 
III (RU P—a tetrapyrrole related to proto- 
porphyrin), in the presence of Fe®®, increased 
the radioactivity of the hemin up to tenfold 
over the control, indicating increased bio- 
synthesis. Of several tetrapyrroles tested 
RUP was the most active heme precursor. 
Further data will be presented to show that 
RUP is a direct intermediate in heme 
biosynthesis. 


Ferrokinetics in Normal and Anemic Swine: 
G. F. Cartwricn7, J. A. Buso, W. N. 
Jensen and M. M. Wintrosg, Salt Lake 
City, Utah. 


Ferrokinetic studies have been performed 
in normal, pyridoxine-deficient, pteroyl- 
glutamic-acid-deficient, and copper-deficient 
swine, and in swine given phenylhydrazine. 

In the normal pigs, the average 
“apparent” red-cell life span was 62 days. 
The mean plasma‘iron turnover rate was 
1-11 mg/kg/day and the red cell iron incor- 
poration rate, 1-10 mg/kg/day. 

In the animals given phenylhydrazine, 
the mean erythrocyte survival time was 5 
days. The plasma iron turnover rate was 
increased about fourfold, and the rate of 
erythropoiesis was four to five times greater 
chan in the control pigs. 

In the pyridoxine-deficient swine, the 
mean erythrocyte survival time was normal. 
The plasma iron turnover rate was increased 
fourfold, but the rate of erythropoiesis was 
approximately one fourth the normal mean 
value. These data are interpreted as indi- 
cating that the anemia associated with this 
deficiency is the result of inability of the 
bone marrow to produce a normal number 
of erythrocytes. 

In the pteroyiglutamic acid-deficient 
swine, the mean erythrocyte survival time 
was 17 days. The plasma iron turnover rate 
was 5 times the normal mean value. The 


rate of erythropoiesis was 1-6 times greater 
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than the mean value in the control pigs. 
These data are interpreted as indicating 
that anemia develops in this deficiency as the 
result of a combination of shortening of the 
erythrocyte survival time and limitation of 
the capacity of the bone marrow to increase 
red cell production to the same degree as 
normal marrow can accomplish. 

In the copper-deficient pigs, the mean 
erythrocyte survival time was 17 days. The 
plasma iron turnover rate was 1-6 times 
normal. The rate of erythropoiesis was 
1-2 times normal. It is concluded that 
copper-deficiency anemia results from both 
shortened erythrocyte survival time and 
limited capacity of the bone marrow to 
produce cells. 


Bone Salt Kinetics in Man: Goran C. H. 
and Rospertr D. Ray, Seattle, 
Washington. 


Results of tracer studies using Ca*® suggest 
that from a kinetic standpoint the skeletal 
calcium exists in two principally different 
fractions. One comparatively small fraction 
is in equilibrium with body fluid calcium 
while the major fraction is not. When 
radioactive calcium is introduced into the 
blood stream, it is picked up by the skeleton 
as a result of (1) rapid equilibration of the 
exchangeable calcium fraction with calcium 
of the body fluids, and (2) incorporation 
into the nonexchangeable skeletal calcium 
coincident with formation of new bone. 
After the isotope concentration has reached 
equilibrium between the body fluids and the 
skeletal exchangeable calcium, the fall in 
blood-calcium activity will be determined 
by (1) the rate of excretion of the isotope, 
and (2) the rate of incorporation of the 
isotope into the nonexchangeable bone salt. 
Provided the isotope incorporated into the 
nonexchangeable skeletal calcium does not 
re-enter the blood stream during the experi- 
mental period, it is possible to determine 
the magnitude of the exchangeable body 
calcium pool and the rate of renewal of 
the skeleton through anabolism-katabolism. 
Using Ca*® and other “‘bone-seeking”’ iso- 
topes, these quantities have been calculated 
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and found to differ significantly from normal 
in a variety of skeletal metabolic disorders. 
Sr’ has an advantage over other isotopes 
in that its hard gamma ray makes it easy 
to detect and permits use of the body- 
surface counting technique to study localized 
lesions such as fractures, tumors, and 
localized osteoporosis. Use of ““bone-seeking”’ 
isotopes clinically should therefore prove 
to be of diagnostic and prognostic value. 


Strontium® Tracer Studies in Humans: 
M. A. Van Ditta and J. S. ARNOLD, 
Salt Lake City, Utah. 


We have initiated studies of bone meta- 
bolism in normal humans and in patients 
with disturbed bone metabolism using stron- 
tium-85 as a tracer for calcium. Since this 
65-day isotope decays by electron capture 
accompanied by 0-51 MeV y-rays, it permits 
radioactivity assays to be made very con- 
veniently, in contrast with calcium-45. 
After intravenous injection of about 5 
microcuries of strontium-85, plasma con- 
centration and urine and fecal excretion of 
the isotope were measured as a function of 
time in well-type y-ray scintillation counters. 
The plasma measurements were made with 
a Nal (TI) scintillation counter; the urine 
and fecal samples were canned in ordinary 
number-two cans and assayed in a special 
liquid scintillation counter whose well is 
large enough to accommodate such a can. 
Standard chemical procedures were used to 
assay the calcium content of the plasma 
and urine. 

The strontium retention varies between 
25% and 52% of the injected dose at 20 days 
post-injection in five individuals. The osteo- 
porotic patients (ages 28, 40-5 years) and 
the oldest normal (age 59 years) show the 
lowest retention, while the younger normals 
(ages 27, 31 years) show the highest retention. 
Actually, the 28-year-old osteoporotic patient 
had the lowest retention of all. The urinary 
excretion route is favored; the ratio of total 
strontium excretion in the urine to total 
strontium excretion in the feces at 20 days 
is between 3 and 4. 

Strontium is cleared by the kidney more 
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effectively than is calcium. Our data show 
that the ratio of strontium clearance to 
calcium clearance is about 5. Measurements 
on more normals, and on patients with 
hypo- and hyper-thyroidism, are in progress. 


Uptake of Ca® by Bone and Soft Tissue 
as Influenced by Sialoadenectomy: 
ArTHUR W. WaseE and Yu SHENG LouIsE 
Ferenc, Philadelphia, Pa. 


Sialoadenectomy produced marked altera- 
tions in the Ca*t® uptake by bone and soft 
tissues of laboratory animals. 

Following intraperitoneal injection of 5 uc 
Ca*® Cl,, sialoadenectomized mice (10 days 
after operation) had higher uptakes of Ca*® 
in all tissues except lung. Bones of the 
sialex animals concentrated Ca*® 1-74 times 
more than did experimental controls, liver 
1-44, kidney 1-20, brain 1-31, spleen 1-36, 
heart 1-30, lung 0-87, muscle 1-23, thymus 
4-09, thyroid 1-39, adrenal 1-21, testes 1-56. 

Studies with Sr’® gave a bone concentra- 
tion 1-75 greater in sialex animals indicating 
mineral depletion following sialoadenec- 
tomy. 

Calcium-balance studies indicated that 
animals without salivary glands have a 
lowered calcium retention. 

Urinary excretion of Ca*® by sialoadenec- 
tomized animals was found to be only 38% 
of that of control values. The data indicated 
impaired absorption of Ca by the sialex host 
to be the most probable cause of the 
deficiency. 


Comparative Metabolism of Strontium and 
Calcium: ARTHUR SCHULERT, MARTIN 
CHARLES, WALTER ECKELMANN, and 
DantEL LAszLo. 


The fate of strontium in the body is of 
interest, not only as a fundamental problem 
in trace-element metabolism, but also since 
strontium isotopes, being chemically similar 
to calcium, while generally easier to detect 
radiochemically, are used as radiotracers 
for calcium. Importance in recent years 
has increased because of Sr®% in radioactive 
fallout and the consequent necessity of a 
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knowledge of strontium metabolism in order 
to evaluate the fallout hazard. It is of 
particular interest to evaluate the strontium 
behaviors in relation to that of calcium. 
The present work represents the first time, 
to our knowledge, that the disposition of 
radioisotopes of both strontium and calcium 
have been investigated in a controlled study 
in man. 

Sr8> and Ca*® were administered intra- 
venously to terminal cancer patients and a 
large variety of tissues were analyzed 
subsequent to autopsy for each of the 
isotopes by appropriate, low-level radio- 
chemical techniques. The study has com- 
prised a total of ten patients, whose survival 
following administration varied from three 
days to three months, except for one patient, 
receiving Ca*® only, who survived three 
years. 

The biological half-life of in soft 
tissues is seven to twelve days over a two 
month interval, whereas the biological half- 
life of Ca*® is slightly, but consistently 
longer. The biological half-life for both of 
the isotopes in bone, is of course con- 
siderably greater. A significant quantity of 
Ca*® is found in both bone and soft tissue 
three years after administration. 

The body tissues preferentially retain 
calcium, as is to be expected from previous 
work showing preferential urinary excretion 
of strontium. This enrichment in favor of 
calcium is considerably greater for bone than 
for soft tissue, this difference being parti- 
cularly marked during the early phase after 
administration. 


A Modified Method for Labelling Proteins 
with A. Sraus, V. Sprines, and H. 
Evrick, Denver, Colorado. 


A disadvantage of the most commonly 
employed iodination procedures for proteins 
is the use of oxidizing agents to transform the 
radioiodide to the reactive form. It is well 
known that many of these reagents can be 
detrimental to proteins by causing denatura- 
tion or, in the case of hormones, loss of 
biological activity. The purpose of this 
paper is to describe an iodination procedure 


which circumvents this difficulty. The radio- 
active iodide is mixed with a suitable amount 
of carrier iodine dissolved in a KI solution. 
The mixture is acidified and MnO, added to 
oxidize the iodide ions. The elementary 
iodine is extracted with ether and the solvent 
evaporated in a special vessel. The residue is 
redissolved in 50 to 75% alcohol or a KI 
solution, which is then used for iodinating 
the protein at pH 8-5 to 9-5. Fifteen to 25% 
of the originally used radioactivity could be 
incorporated by this technique. 


A Fecal Fat Recovery Test Using a Radio- 
iodine Labelled Fat Test Meal: A. P. 
SANDERS, J. K. IsLey, G. J. Baytin, W. W. 
SHINGLETON, J. C. Hymans, and J. M. 
RUFFIN. 


A simple technic has been developed for 
determining fecal fat after ingestion of an I! 
labeled fat test meal. The procedure avoids 
the usual unpleasantness associated with 
fecal fat recovery technics. 

The development and application of the 
test will be discussed. The results obtained in 
applying the test to approximately 150 cases 
of varied types of gastro-intestinal disorder 
will be presented. 


Radiation Hazards of Uranium Mining: 
Duncan A. Hotapay, Salt Lake City, 
Utah. 


About 2,000 persons in approximately 500 
mines are engaged in uranium mining in 
seven of the United States. Underground 
miners are exposed to several types of radia- 
tion. External radiation exposures are pro- 
duced by gamma and beta radiation from 
the ore body and from the dust. Internal 
radiation exposures are produced by uranium, 
radium, radon, and its immediate daughters. 
Of these elements, the exposure to radon and 
its immediate daughters probably create the 
most significant health hazards. Studies of 
atmospheric concentrations of these elements 
have shown that their levels will usually 
exceed any proposed threshold limit, and 
therefore control methods must be installed. 
Calculations by Bale and Shapiro and 
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experimental work have shown that the 
major portion of the radiation dose to the 
lungs is due to the inhalation of daughter 
products, with radon ofsecondary importance. 

Theoretical studies and field experiments 
show that mechanical ventilation of working 
areas is the only present practical method of 
control. Field methods have been developed 
which enable mine operators to measure the 
concentrations of these elements. State 
regulations prescribe a standard procedure 
for determining the atmospheric concentra- 
tion and a working level equivalent in 
potential alpha energy to 100 micromicro- 
curies of Po-218 plus 100 micromicrocuries 
of Pb-214 plus 100 micromicrocuries of 
Po-214 per liter. 


Environmental Hazards From a Nuclear 
Installation: J. W. Heary, Richland, 
Washington. 


The release of radioactive materials by a 
nuclear installation, either from routine 
waste disposal or from accidents, will result 
in radiation dosages to humans and animals 


in the environs. The hazards produced will 
depend not only on the quantities released 
but also on the behavior in the environment 
of the particular isotopes involved. 

Following release to the atmosphere, 
external radiation may be received directly 
from the isotopes in the air or, in extreme 
cases, from materials deposited on the 
ground or other surfaces. Isotopes may be 
deposited in the body either by inhalation of 
the contaminated atmosphere or by ingestion 
of contaminated foods. For many isotopes 
the contamination of foodstuffs either directly 
or through biological chains, provides a 
criteria for routine disposal which is several 
orders of magnitude more restrictive than 
direct inhalation. 

Contamination of bodies of water will 
result in external radiation dosages from 
immersion in the water or by secondary 
accumulation of the radioisotopes in cleaning 
or concentrating equipment. Internal de- 
position may occur from drinking the water 
or by eating foodstuffs derived from the 
stream. The extent of the radiation dosage 


received by humans for each of these 
mechanisms is determined by the types and 
quantities of isotopes present and _ their 
behavior in biological chains. 

In order to properly assess the hazards 
from a nuclear installation, the dosage rates 
from all sources of radiation, both direct and 
indirect, must be included. In addition to 
human exposures, possible effects on the 
ecology of the region may play an important 
role in assessing the over-all pattern. 


Accumulation of Radioactive Materials in 
Aquatic Organisms: R. F. Foster, 
Richland, Washington. 


The uptake of radioisotopes by aquatic 
forms is of substantial importance to public 
health since it affords a biological mechanism 
through which seemingly harmless dilutions 
of radioactive contaminants may reach 
undesirable concentrations. Such mecha- 
nisms may function in situations where the 
water meets rigid standards for drinking, 
but fish are produced which are too radio- 
active for regular consumption by man. 

Radioactive substances which may be 
present in an aquatic environment are 
acquired by the inhabitants according to 
biological affinity for the particular isotopes 
and their chemical state. Adsorption on 
exposed surfaces and absorption through 
membranes are paramount in the acquisition 
of isotopes by plants such as algae. These 
routes become less significant in animals as 
mass increases and as permeability of body 
coverings decreases. Higher forms, such as 
fish, acquire most radioisotopes from food. 

Trace elements in water used to cool the 
plutonium producing reactors at Hanford 
become neutron activated. Several of the 
resulting radioisotopes that enter the Colum- 
bia River concentrate in certain aquatic 
organisms. Of these, radiophosphorus is 
most important because of physiological 
demand. Micro-organisms and phosphorus- 
rich tissues of higher forms sometimes contain 
several hundred thousand times more radio- 
phosphorus than equivalent masses of the 
surrounding water. The lower organisms, 
which also accumulate significant amounts of 
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short-lived isotopes, usually have a higher 
radioactivity density than large carnivorous 
fish which are at the end of the aquatic food 
chain. Pronounced seasonal variation occurs 
and most animals reach a maximum activity 
density when temperatures and metabolic 
rates are highest. 


Radioactive Fallout from a Nuclear 
Weapon: Gorpon M. Dunninc, Washing- 
ton, D.C. 


About 170 different isotopes are eventually 
produced from the detonation of a nuclear 
weapon, with half-lives ranging from a small 
fraction of a second to many years. The dis- 
tribution patterns of fallout of these isotopes 
are functions of the yield of the weapons, the 
wind structures and the particle size distri- 
butions within the cloud and stem. These 
parameters are discussed. 

The radiations emitted by fallout material 
are gamma rays, beta and alpha particles. 
The exposure from gamma rays constitutes 
the dominant immediate hazard. The 
estimation of the potential gamma doses that 
may be received and their biological effects 
are exceedingly difficult to evaluate being 
functions of (a) the gamma energy spectra, 
(b) the geometry of the source, (c) the radio- 
logical decay of the fallout material, (d) the 
effects of weathering as a natural deconta- 
mination agent, (e) natural shielding afforded 
by terrain features and by normal or specially 
constructed shelters and (f) the biological 
repair factor. Estimates of these factors are 
presented. A fallout map from a_high- 
yield weapon is presented and estimates 
made of potential gamma doses and of the 
length of denial of the areas owing to 
contamination. 

The external beta hazards arise principally 
from the fallout material remaining in 
contact with the exposed skin. Estimates of 
beta exposures are made and related to the 
experience of the Marshallese in March 1954. 

Relatively. the greater internal hazards for 
periods immediately following the detona- 
tion are due to irradiation of the gastro- 
intestinal tract and of the thyroid, while at 
later times strontium-90 is the principal 


concern. Data and their evaluation are 
presented on strontium-90 content in the 
world. 


A Study of I'*! Fall-Out in Various Parts 
of the World: P. L. VAN MippLEswortTH, 
Memphis, Tennessee. 


Sixteen hundred thyroid glands from cattle 
and sheep in England, Germany, Japan and 
the United States were tested for ['*1. 
Radioactivity was determined in samples 
every 1-2 weeks for 50-70 weeks and all 
available human thyroids from autopsies in 
Memphis were similarly studied. 

Memphis cattle showed an average in- 
crease of 50 to 150 times basal level of radio- 
activity in Oct. 1954 to Jan. 1955. In Feb. 
1955 the average I'! rose to 100 times basal 
level and continued to increase until June 
1955 when it was more than 10,000 times 
basal, after which it decayed with an 
average half-life of approximately 7-5 days. 
In late 1956 there was an increase similar to 
that in late 1954. 

From March through August 1955 the 
foreign glands showed increases of 100 to 500 
times basal levels. 

It was estimated from these data that the 
Memphis cattle received approximately 13 
rep to their thyroids from I?*! in 1955. 


Studies on the Configuration of Internal 
Organs and Tissue Systems by the Use 
of Radioisotopes with Special Reference 
to the Liver: Hymer L. FrrepeELL, ABBAS 
M. Rejaui, and J. MacIntyre, 
Cleveland, Ohio. 


It is possible to utilize radiation emitted by 
radioelements which have been selectively 
deposited to outline the configuration and 
structure of the organ which may be the site 
of this selective deposition. For this purpose, 
radioisotopes have been used to visualize the 
liver, blood masses, and the thyroid. This 
presentation will concern itself primarily with 
the visualization of the liver, showing 
abnormalities in its configuration and clearly 
defined defects in its cellular composition. 
A special method is used which accentuates 
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modest differences in selective deposition. 
The compounds which have been used for the 
liver are tagged tetraiodophenolphthalein, 
tagged rose bengal, and colloidal gold. The 
scanning technique used in these studies will 
be described. 


The Metabolism of Copper in Normal 
Human Subjects and in Patients with 
Disease: C. J. Guster, G. E. Carr- 
wricut and M. M. WintroseE, Salt Lake 
City, Utah. 


The metabolism of copper in normal 
human subjects will be summarized with 
particular reference to the absorption, reten- 
tion and excretion and plasma and red cell 
copper. Clincial conditions associated with 
hypercupremia and those associated with 
hypocupremia will be discussed. 


Techniques of Intracavitary Irradiation of 
the Bladder with Radioactive Solutions: 
W. K. Srvcrarre. 


Techniques of intracavitary irradiation of 
the bladder, either with a point source or 
with solutions of radioisotopes, have been 
demonstrated to have particular value in the 
management of selected cases of bladder 
cancer. In both techniques the dose is 
relatively accurately controllable but the 
solution technique has some specific advan- 
tages over the use of a point source which 
make it particularly desirable when a uni- 
form irradiation is required. However, the 
solution technique has not been widely used, 
partly because of the difficulties and dangers, 
real or imagined, believed to be associated 
with its use. 

In this paper a straightforward technique 
using a solution of bromine® in a rubber 
balloon is described. This is designed to 
provide a dose to the surface of the bladder 
mucosa over a four-day irradiation which 
can be accurately prescribed. The procedure 
is neither difficult nor dangerous and is a 
useful addition to the range of therapeutic 
techniques which may be made available by 
isotope laboratories. 
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Mucocoele of the Vermiform Appendix 
with Pseudomyxoma Peritonei. Report 
of three cases treated with Radioactive 
Colloidal Gold: JoHn D. PALMER, MARVIN 
N. LoncHEED, and Raymonp G. Rose, 
Houston, Texas. 


Three cases of mucocoele of the appendix 
developing pseudomyxoma peritonei are pre- 
sented and discussed with particular reference 
to the administration intraperitoneally of | 
radioactive colloidal gold!*°, as an adjunct to 
surgery and localized X-ray therapy, in the 
management of these patients. 

The radiogold treatment was successful 
in achieving a palliative effect resulting 
in relief of symptoms, temporary suppres- 
sion of tumor growth and probable prolon- 


‘gation of life. The results of radiogold 


therapy in pseudomyxoma peritonei of 
ovarian origin is also discussed as well as the 
role of radiogoid in the prophylaxis of this 
condition. 


The Use of Radioactive Phosphorus and 
Testosterone in the Treatment of Meta- 
static Lesions in Bone from Breast and 
Prostate: J. R. MAxFIELD, JR., Dallas, 
Texas. 


We believe that more is to be desired in the 
treatment of the patient with metastatic 
cancer in bone than is available by external 
radiation therapy, castration, steroid therapy 
or chemo-therapeutic agent. The plan of 
treatment which we here present is signifi- 
cantly better in the relief of pain, alleviation 
of symptoms and the production of longer 
remission than has heretofore been available. 
In the manner described here, we feel that 
the technique is a relatively safe procedure 
with no more complications than are found 
in any other methods used to treat advanced 
malignant disease. We _ believe that it 
should be used as early as metastasis in the 
bone can be diagnosed in order to accomplish 
the most for the patient. 

It has been known for a long time that 
X-ray therapy directed to metastatic bone 
lesions will give relief of pain and frequently 
osteoplastic repair. It is also known that 
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X-ray therapy of castrating type over the 
ovaries or surgical castration will frequently 
produce similar improvement and_ bone 
repair. The use of orchidectomy will 
produce similar changes in the male. Further- 
more, the use of steroid hormones, parti- 
cularly testosterone proprionate in the female 
and the stilbesierol derivatives in the male 
have been applied successfully to control 
metastatic bone lesions for varying periods of 
time. Many of the patients treated by 
external radiation therapy, castration or 
chemotherapeutic agents would remain 
symptom free for months; then a break- 
down in the original lesion occurs or addi- 
tional lesions appear. The usual history 
documents return of symptoms measured 
more in months than in years, rarely lasting 
beyond two years, in spite of continued 
treatment and maintenance dosage of the 
hormone. 

The technique of the use of radioactive 
phosphorus with concurrent testosterone 
increases the uptake of the radioactive 
phosphorus in the bone metastasis and 
results in selective effective delivery of a 
therapeutic dose to the malignant cells with- 
out undue harm to the normal cells. The 
advantages of this treatment are: (1) 
Eliminates prolonged use of hormones, there- 
by minimizing the undesirable effects of the 
hormones. (2) Eliminates radiation sickness. 
(3) Reduces the treatment visits of the 
patient. (4) Provides maximum comfort 
with the possibility of a spectacular reparative 
change with return of normal bone archi- 
tecture for long periods of time in even 
extensively involved areas. 

The presentation of slides will show the 
reparative changes which have occurred in 
certain of these cases. The sequence of events 
is relief of pain in most cases, some osteo- 
plastic repair in some of the cases with a 
rather marked return of bony structure to 
normal architecture in a small percentage of 
the cases. 

The problem of increasing this small per- 
centage is being assiduously studied by our 
group. We can say from our experience 
that more than 90% of the patients treated 
by this plan of therapy experience relief of 


pain and amelioration of symptoms with 
about 15% having spectacular reparative 
effect with long palliation requiring no 
continuous treatment. 

To summarize, in treating the bone 
metastasis of cancer of the breast and 
prostate, the Maxfield Clinic technique of 
administering P-32 and testosterone provides: 
(1) A relatively safe procedure with no more 
complications than found in other methods 
used to treat advanced malignant disease. 
(2) A simple but effective method of treat- 
ment with much less incapacitation of the 
patient and also less expensive. (3) Results 
better than available by other methods of 
treatment in most cases. 


Sodium “Space” Studies: The Effect of 
Certain Hormones: C. J. Hap, Jr., 
E. R. HurrMan, N. WHIPPLE, and 
Exrick, Denver, Col. 


A simple technique for estimating the 
volume of distribution of sodium (sodium 
*“‘space’’) has been developed to study the 
action of certain hormones. The procedure 
consists of the administration of long-lived 
Na* (10-15 wc.) by constant intravenous 
infusion and the radioassay of 12 consecutive 
10 min. plasma samples (1 ml.). At the end 
of the first hour (control), the hormone under 
study is added to the infusion fluid. In this 
manner acute changes in sodium “space” 
could be measured. Eighty-five males, 
normal with respect to electrolyte meta- 
bolism, and ranging in age from 20 to 60 were 
studied. The mean Na” “space” for the 
entire group was 23-0 + 3-2% body weight 
with no significant difference between the 
various age groups. 

In 15 subjects 1 mg. of 9a-fluorohydro- 
cortisone resulted in a consistent increase 
(average 27%) in “space”. Hydro- 
cortisone had a less consistent effect. Sodium 
“space” increased in only 5 of the 10 subjects 
studied and remained unchanged in the 
others. 

Glucagon (10 subjects), insulin (10 sub- 
jects), glucose (20 subjects) and isotonic 
saline (7 subjects) had no definite effect on 
the volume of distribution of Na”. 


aay 
VOL. 
1 
956/5 
ad 
a 


Report of meeting 


The Usefulness of C'* Labeled Compounds 
in Tuberculosis Research: DIETER Kocu- 
WeEsER, Chicago, Illinois. 


Cl labeled compounds used in these 
studies are: acetate, (labeled either at the 
methyl- or at the carboxyl-group) isonicotinic 
acid hydrazide (isoniazid), nicotinic acid, 
isonicotinic acid, nicotinamide, glucurono- 
lactone of isoniazid. The “in vitro” studies 
are done on human virulent tubercle bacilli 
in liquid Dubos medium. “In vivo” studies 
are done in humans and in guinea-pigs. 

C™ acetate is taken up by the micro- 
organisms, metabolized and released as 
C¥4O,. This acetate turnover is measured in 
Conway dishes with the tubercle bacilli in 
C! acetate containing medium in the outer 
well, while the C14Q, is taken up by NaOH 
in the center well. It is an extremely sen- 
sitive indicator of metabolic activity. Even 
tubercle bacilli at low temperatures which 
do not multiply (nephelometric readings), 
do not respire in the Warburg nor reduce 
tetrazolium, utilize significant amounts of 
acetate. There is a larger C! acetate turn- 
over in the logarithmic than in the arithmetic 
phase of growth. Streptomycin depresses 
rapidly and equally the C™ acetate uptake by 
the bacilli and the turnover to C“O,, while 
isoniazid initially decreases synthesis of 
bacterial substance, as shown by decreased 
uptake of C14, and increases energy meta- 
bolism, as shown by increased CO, pro- 
duction. If the carboxyl-group of the added 
acetate is labeled, the radioactivity appears 
to a much greater extent in the CO, indicat- 
ing earlier utilization in the Krebs cycle, 
while the labeled methyl-group is used 
preferably for synthesis of bacterial substance. 

Tubercle bacilli growing in C™ acetate con- 
taining medium become radioactive enough 
(120,000 disintegrations/1,000 nephelometric 
units = 1-05 mg. of vacuum dried tubercle 
bacilli) to be detected in relatively small 
amounts of homogenized animal tissues. 
This makes it possible to study their spread- 
ing as a function of host resistance. 

If Cl isoniazid is added to isoniazid 
sensitive tubercle bacilli at 37°, growth, 
tetrazolium reduction, and oxygen uptake 


135 


in the Warburg stops and the micro- 
organisms become non-acid-fast; the C14 
isoniazid or one of its Cl containing meta- 
bolites is bound by the tubercle bacilli and 
cannot be either washed out or dialysed. 
(C4 labeled isonicotinic acid, nicotinic acid 
and nicotinamide are not taken up under 
identical conditions.) If these bacilli are 
resuspended in fresh medium they do not 
resume growth and metabolic activity and 
do not release the C'™ into the medium. 
The drug seems to be bound irreversibly. 
At 4°, however, or after previous inhibition 
by streptomycin, the tubercle bacilli take 
up even larger amounts of the radioactive 
compound, without losing their acid-fastness. 
Resuspended in fresh medium they grow 
out, show metabolic activity, and release 
the C4 into the medium. Metabolically 
inhibited bacilli seem to bind isoniazid 
reversibly without losing acid-fastness and 
viability. ‘This indicates that only meta- 
bolically active tubercle bacilli are suscep- 
tible to bacteriocidal action by isoniazid. 

C14 isoniazid given to tuberculous guinea 
pigs and humans are found in high con- 
centration in caseous lesions as well as 
normal tissue, indicating that lack of bac- 
teriocidal action in such lesions is not due 
to lack of penetration by the drug, but 
probably lack of metabolic activity of the 
oxygen starved bacilli. 

The claim that glucuronolactone of iso- 
niazid is still active against isoniazid res- 
sistant bacilli was disproved by differential 
labeling of the compound. The C" iso- 
niazid of the compound is still not taken 
up by resistant bacilli, while the C! glucuro- 
nolactone is not taken up by either sensitive 
or resistant micro-organisms. 


Use of Circulation Time in Diagnosis of 
Peripheral Arteriovenous Malformation: 
JosepH M. Ryan, T. O. Murpny, and 
Sot SanpHAus, St. Paul, Minnesota. 


The difficulty in diagnosis of peripheral 
arterio-venous malformations is presented 
primarily by the problem of interpretation 
of artero-graphic findings as well as the 
variability in the venous oxygen saturation. 
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The use of a blood transit time from the 
femoral artery to the heart presents a 
simple and hazardless means of diagnosis 
in such instances. 

Iodinated serum albumin was injected 
into the femoral artery and its appearance 
time recorded over the heart in a series of 
known congenital artero-venous malforma- 
tions. The time ranged from one to eight 
seconds, whereas the normal mean circula- 
tion time was 21 seconds. 

In no instance in our series did the 
abnormal circulation time approach that 
of even normal infants. 


Some Studies on the Determination of 
Cardiac Output by the Dilution Method 
Without Arterial Sampling: W. J. 
MacIntyre, W. H. Prircuarp, T. W. 
Morr, and H. L. FRIEDELL. 


The determination of cardiac output by 
recording the dilution of various injected 
radioactive materials as they pass through 
the heart has been obtained for the most 
part by arterial sampling by puncture or 
cannulation. Since this type of sampling 
is not required by the general formulation 
of the method, studies have been extended 
to determine this output by focussing a 
gamma ray detector externally on large 
arterial vessels or on the heart itself. If 
then such a dilution curve is inscribed, all 
that is required is a venous sample with- 
drawn at some time after the primary 
circulation for calibration of the curve. 

Two factors have been found to be of 
primary importance for this method. First 
is that the final dilution originates from 
the same volume as the primary dilution 
curve, and second is that a correct extra- 
polation be made of the descending part 
of the curve. Problems that have arisen 
from both of these conditions will be dis- 
cussed as well as various techniques in 
minimizing these variations. 

In our clinical correlation, of 39 studies 
in patients comparing the i vivo precordial 
technique with that of the conventional 
arterial puncture determination, 33 showed 
an average deviation of +7%. Values of 


cardiac outputs studied ranged from 1-7 to 


8-3 liters per minute with all nine determi- 
nations of 3-5 liters per minute or less 
showing excellent correlation. 


Determination of Myocardial Blood Flow 
Utilizing Iodinated (I'*'!) Human Serum 
Albumin: WaLTeR S. HENLy, Oscar 
CREECH. JR., Cectt M. Couves, Mary C. 
Morean, and HerBert C. ALLEN, 
Don W. CHapMan, Houston, Texas. 


Lack of a satisfactory method of deter- 
mining myocardial blood flow in the intact 
animal has limited investigation of medical 
and surgical treatment designed to augment 
the coronary circulation. 

This report describes a new experimental 
method of determining total myocardial 
blood flow during cardiac catheterization 
utilizing radioiodinated (RISA) human 
serum albumin. By injection of a known 
quantity of RISA into the pulmonary 
wedge and taking simultaneously a con- 
tinuous sample of blood from the right 
ventricular outflow tract, a radiodilution 
curve is obtained. Arterial blood pressure: 
and electrocardiographic pattern are re- 
corded throughout the experiment. The 
cardiac output is determined. From these 
data the rate of flow of blood returning to 
the right heart via the coronary vessels 
can be calculated. 

Radiodilution patterns in normal dogs, 
following coronary sinus ligation and follow- 
ing coronary artery ligation, are described. 
The derivations of formulae for calculation 
of myocardial blood flow in dogs and 
humans are presented. The rate of myo- 
cardial blood flow is calculated from the 
radiodilution curves and compared to the 
measured myocardial blood flow. The latter 
data were obtained by utilizing an extra- 
corporeal pump-oxygenator to by-pass the 
right heart and measuring directly the 
myocardial venous return to the right 
heart with the superior vena cava, inferior 
vena cava, and pulmonary artery tem- 
porarily occluded. The details of the 
experimental technique and methods for its 
clinical application are described. A brief 
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summary of data obtained in humans is 
included. 


Gamma Radioscopy: R. R. NEwEeELt, San 
Francisco, Calif. 


Gamma rays can’t be focussed much and 
don’t affect the retina much, so seeing the 
gamma rays emitted from inside a patient 
has to be done with instruments. For sensi- 
tivity the scintillating crystal and photo- 
multiplier tube are magnificent. For pre- 
cision in localizing the activity one needs a 
narrow “‘beam’”’ of acceptance to scan with. 
The design of the collimator to achieve this 
efficiently depends on the size and depth of 
the active deposit (tumor, usually), and the 
energy of the gamma ray. Multiple colli- 
mators, or collimators with multiple channels 
enable one to use large crystals and so 
shorten the time required to make a survey. 
Optimum design and optimum scanning 
scheme are to be stressed. 


“Photoscanning”: Merritt A. BENDER, 


Buffalo, N.Y. 


Various types of scanning devices have 
been described that give a graphic repre- 
sentation of the distribution of radioactive 
materials within the human body. To date, 
these devices have operated on the basis of a 
linear relationship between the density of 
the completed image and the incident 


gamma flux. This type of relationship is 
satisfactory when the target, non-target 
ratio of radioactivity is great, as in the case 
of I-131 uptake in the thyroid. A linear 
relationship is unsatisfactory, however, when 
target, non-target ratios are minimal as in 
the case of brain tumor localizations or 
liver metasteses localizations with various 
tagged organic compounds. 

A photo scanning device has been devised 
which presents a 150% increase in picture 
density as the result of a 10° increase in 
count rate. This increase in “seeability” 
of small target, non-target ratios is accom- 
plished by means of an integrating circuit 
varying a resistance in parallel with a 
common tungsten filament. In addition, 
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improvements in collimation and_pulse- 
height selectivity have contributed to the 
increased “seeability.”’ 

Scans of phantom brain tumors using 
this instrument indicate that it is possible 
to readily visualize a midline “tumor” 
3cm in diameter having a specific activity 
of only 3 times that of the surrounding 
“brain.” Scans of phantom liver metastes 
indicate that one can visualize a non- 
radioactive 3cm “tumor” immersed in a 
homogenously radioactive “liver” at a depth 
of 8 cm. 

Preliminary clinical studies support the 
above impression although adequate follow- 
ups in a large series of cases has not yet been 
accomplished. 


Two-Channel Gamma Counting: RALPH 
Apams and Ivor C. Woopwarp. 


This paper deals with instrumentation 
and methods for the simultaneous measure- 
ment of a sample containing a mixture of 
two gamma emitting isotopes. 

The use of Chromium-51 and Iodine-131 
to label red cells and plasma presents a 
particularly challenging problem because of 
a close proximity of the principle gamma 
energies at 0:32 MeV and 0-364 MeV. 
Spectral distributions from these two isotopes 
will be shown made with a conventional 
well crystal and with a 3-inch diameter 
well crystal to illustrate the improved 
resolution of the latter. A two channel 
gamma_ spectrometer will be described 
consisting of a 3-inch diameter well crystal, 
3-inch diameter photomultiplier tube, linear 
pulse amplifier, two single channel dif- 
ferential pulse height analysers and two 
scalers. The adjustment of the instrument 
for optimum separation and sensitivity will 
be discussed. 

It will be shown that two channels may 
be set up, one for Chromium-51 and the 
other for Iodine-131, so that the contri- 
bution from one isotope to the opposite 
channel is between three and eight per cent 
of the counting rate on its own channel. 
A simple formula for correcting for this 
cross channel activity will be discussed. 
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The pip interval method for recording 
rapidly fluctuating counting rates, as de- 
veloped by the authors, will be reviewed. 
In this method impulses from the scaler 
register circuit are fed to an EKG machine 
or to a poly-viso recorder. 


Studies with a Modified Collimator for 
Use with Scintillation Counter for Total 
Body Scanning: JosEPpH P. CoNcANNON, 
and Francis Chicago, Illinois. 


We believe that patients with thyroid 
cancer who have been given either diag- 
nostic or therapeutic quantities of radio- 
iodine should have a daily total body scan 
as long as there is appreciable evidence of 
radioactivity within the body. 

A conventional commercially available 
scintillation counter was used initially. It 
required two technicians three hours daily 
to acquire and record the data from the 
total body scan. 

A collimated head for the scintillation 
counter was built which had a wide angle 
of vision laterally and a narrow angle of 
vision at 90° to the long axis. The new 
collimator has an improvement of 4: 1 
in lateral vision and increased resolution 
in its short axis of 2 : 1, without appreciable 
loss of sensitivity. Further collimation has 
been achieved which maintains the lateral 
angle of vision unchanged, improves short 
axis resolution to 5 : 1 but at some sacrifice 
of sensitivity. 

Filters were designed so that scintillation 
studies could be done following ingestion of 
therapeutic quantities of I1*1. Wedge filters 
have been produced to reduce the lateral 
fall off of counting rate. This has given flat 
isocount lines, the counting rate at the 
periphery being the same as at the center. 

The scintillation counter has been mounted 
on a mechanical frame which carries the 
counter from head to toe in thirty minutes 
and analyses all sectors of the body in this 
time. The data so acquired is recorded in 
simple form, the so called ‘“‘profile’’ method, 
and one against which later studies can be 
readily compared. 

This modified collimator can be easily 


removed from the scintillation counter and 
the commercial collimators restored when 
it is desired to do finely collimated studies 
or thyroid I'*! uptakes. The new collimator 
is inexpensive and can be adapted to fit 
any commercial model of scintillation 
counter. 

This is primarily a physical study and 
includes graphs, charts, and isometric sur- 
faces of various collimators. 


Studies of the Developing Thyroid Gland 
in the Chick Embryo: J. B. TRUNNELL, 
Beatrice F. Dennis, PAuL WapE, LEON 
DmocuowskI, Houston, Texas. 


A series of studies has been carried out 
using radioactive iodine to determine the 
sequence of events in the differentiation of 
the embryonic thyroid. Although some of 
the studies have already been published, a 
comprehensive review of the project to date 
will be presented. This includes similar 
studies of human thyroid tumors of a 
variety of types. In a number of respects 
the tumors have been found to exhibit 
characteristics relatable to specific steps 
in embryonic differentiation. More recently, 
a series of tissue culture experiments has 
revealed that differentiation (in terms of 
synthetic ability) may proceed in appro- 
priate media containing I'%4, An attempt 
will be made to correlate the radioiodine 
utilizing abilities of these tissues with histo- 
chemical and electron microscope studies. 


The Use of Ion Exchange Columns for the 
Determination of PBI-(131) Conversion 
Ratios: T. N. Laur and D. L. TaBern, 
North Chicago, Illinois. 


Previous attempts to use ion exchange 
resins for the separation of inorganic [#4 
and thyroxine (I'*!) activity in plasma 
samples have involved either centrifugation 
of the resin, or the use of fragile glass 
columns. Through the use of a more active 
resin of suitable porosity, formed from a 
suspension into a plastic cylinder at the 
time of use, it has been found possible to use 
a resin column only 2-3 cm long. 
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A 2 (or better 5) cc sample is counted 
first in a calibrated plastic test tube to give 
iodide plus thyroxine activities. It is then 
poured over the column and the effluent 
collected in a similar tube. The time for 
“run through” and wash is approximately 
6-8 min. Removal of iodide is quantitative, 
and counting of the effluent measures 
thyroxine. No separations or centrifugations 
are required. 

Since all parts are of plastic, they may be 
discarded, avoiding the old difficulty of 
equipment contamination. 

The method has been shown to be con- 
siderably more reproducible than the con- 
ventional TCA procedure. In a series of 
20 clinical plasmas run by methods, the 
diagnosis by the two procedures agreed in 19. 

It is to be emphasized that this method 
based, as it is on the firm binding of thyroxine 
and tri iodo thyroxine by plasma, may be 
of value in detecting the presence of other 
less firmly bound thyroxine analogs which 
seemingly are elaborated by the thyroid 
under the stimulus of tumor tissue or 
intensive radiation. 


Radioiodine Studies on the Hyperthyroid 
State: Franz K. Bauer, Los Angeles, 
Calif. 


It has been shown that a rapid initial 
rate of I'*! uptake, as measured 6 hours 
after administration of the tracer dose 
persists in patients with hyperthyroidism 
in remission, sometimes for years. In order 
to ascertain whether these individuals would 
be more likely to develop a clinical re- 
currence, they were subjected to the tri- 
iodothyronine suppression test of Werner. 
It was found that not only the patients with 
rapid initial rate of I! uptake but ail 
patients with treated hyperthyroidism in 
remission (17 consecutive patients) gave a 
positive test, i.e., triiodothyronine failed to 
suppress the I'3! uptake. 

Twenty-four individuals in whom hyper- 
thyroidism was suspected because of minimal 
symptoms and who showed the laboratory 
peculiarity of high initial rate of I'*! uptake 
and normal 24 hour uptake in the presence 


of all other laboratory tests in the normal 
range were followed for more than 3 years. 
Of these 24 individuals, 7 have developed 
unequivocal hyperthyroidism. ‘Three of 
these patients had severe exophthalmos as 
the first sign. 

In the past year, 21 individuals with a 
high initial rate of uptake and normal 
24 hour uptake were subjected to the tri- 
iodothyronine suppression test of Werner; 
5 of these showed a hyperthyroid response. 
None of these patients have, as yet, developed 
clinical hyperthyroidism. 

These studies suggest that (1) patients in 
remission from hyperthyroidism behave like 
patients with hyperthyroidism with regard 
to the triiodothyronine suppression test, and 
(2) patients with a rapid initial rate of ['31 
uptake should be followed carefully since 
they are likely to develop clinical hyper- 
thyroidism; their high 6-hour uptake read- 
ing may be the first abnormal laboratory 
finding. 


Diagnostic Value and Interrelationships 
Among Thyroid Clearance, Uptake, and 
Rate of Uptake in Hyperthyroidism: 
Arvin L. Scuuttrz, and ZIEvE, 
Minneapolis, Minnesota. 


Tests were performed simultaneously in 
109 euthyroid and 50 hyperthyroid patients. 
Plasma thyroid clearances were obtained 
4-1, 1-2, and 2-3 hours after an oral dose 
of I'8!. The rates at which the dose was 
taken up and the maximum reached were 
calculated. Clearance at each time interval 
were of equal value in separating hyper- 
thyroid from euthyroid patients. At 2-3 
hours, 96°, of euthyroids cleared less than 
25 ml/min (mean 9 + 6), whereas 96% of 
hyperthyroids cleared more than 30 ml/min 
(mean 136 + 88). Two components, the 
first fast, the second slower were evident in 
the rate curves. The slow components were 
more discriminative than the fast, and the 
rate to dose was more discriminative than 
the rate to maximum. Uptakes at }, 1, 2, 
and 3 hours each separated the groups 
effectively, the 2 and 3 hour measurements 
being best, and equivalent in value to 
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the clearance and the dose rate. The 24 hour 
uptake was less discriminative. The 3 hour 
uptake, rate to dose, and thyroid clearance 
have much in common. Correlations among 
these three measures were: First and 
second 0-96, first and third 0-85, and second 
and third 0-84. The 3 hour uptake was 
representative of and as effective as the more 
complicated measures. 


The Value of Determining Thyroid Weight 
in the Treatment of Thyrotoxicosis With 
a Single Dose of Radioactive Iodine: 
HERBERT C. ALLEN, JR., Houston, Texas. 


A four year follow-up of 146 patients 
treated for diffuse hyperthyroidism with a 
single dose of radioactive iodine-131 will be 
reported. This is not a report on the 
response to multiple doses or fractionated 
doses of radioactive Inability to 
relieve all signs and symptoms of the disease 
or to produce a “cure” with a single dose 
was considered a failure. The thyroid 
gammagram is an important factor in the 
management of thyrotoxicosis. The pre- 
therapy thyroid weight and the _post- 
therapy reduction in weight can be mathe- 
matically calculated from a formula based 
on the thyroid gammagram. It has been 
found that 7000 Reps to the thyroid gland 
administered as a single oral dose removed 
approximately one-half of the functioning 
thyroid gland, resulting in a change from 
the hyperthyroid to the euthyroid state in 
87°, of the patients treated. It has been 
found that the per cent reduction in thyroid 
weight as determined by the gammagram 
best correlated with therapeutic response. 


Relative Flow Rates of Plasma and Red 
Blood Cells in the Central and Peri- 
pheral Capillaries: Mitton G. Crane, 
Joxun Hotioway, and GERALD REYNOLDs. 


Other investigators have studied the simul- 
taneous flow rates of red blood cells and 
plasma in animals using Evan’s Blue and 
some means of RBC tagging. To our 
knowledge this is the first study using two 
radioisotopes simultaneously for this purpose. 


Red blood cells from the dog are labeled 
with Chromium-51 according to established 
procedures. Sufficient RISA is added to 
produce equal counting rates on the two 
channels. A measured volume (2 or 3 ml) 
of the doubly labeled blood is injected into 
a femoral vein. A continuous blood sample 
is drawn from a femoral artery through a 
well crystal and the counting rate is recorded. 

The peripheral circulation is studied by 
injecting the mixture into an artery and 
sampling from an analogous vein. 

Studies in the dog of the simultaneous 
flow rates of RISA labeled plasma and 
Chromium-5] labeled red blood cells demon- 
strates that the mean circulation time (MCT) 
for red blood cells is slightly less than for 
plasma in the central circulation. The 
difference in the MCT’s of red blood cells 
and plasma is even greater in the peripheral 
circulation. 

This tool lends itself to the study of central 
and peripheral circulation in many non- 
physiological states. Other applications will 
be discussed. 


Determination of Coronary Flow in Dogs 
with Human Serum Albumin: 
DanieL T. HAaypen, Rex L. Hurr, Jack 
BALLARD, WAYNE GarrRETT, MOrTosHI 
YAMASAKI, HOWARD PyFeEr, and FRANKLIN 
Seattle, Washington. 


This investigation was motivated by the 
possibility that a method could be developed 
for measuring myocardial blood perfusion 
rate both in the experimental animal and in 
man. Frequently therapy is devised which 
alleges to improve coronary blood flow; 
but when the application is to be evaluated 
the physician is dependent upon subjective 
impressions; or at best, the interpretation 
of massive statistical studies of a double- 
blind nature. Cardiopneumopexy is a 
treatment of the type which is not readily 
subject to the large group type statistical 
analysis. 

Interest was further stimulated in the 
exploration of the tagged blood or dilution 
technique; since published data regarding 
this approach is primarily concerned only 
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with cardiac output. The dilution technique 
is theoretically applicable to measurement 
of coronary flow by at least three approaches: 
(1) By measurement of the difference of the 
left heart output and the caval venous 
return. (2) By measurement of the dif- 
ference of left ventricular output and the 
aortic blood flow distal to the coronaries. 
(3) By direct measurement of the amount 
of tagged material entering the right auricle 
and right ventricle (right heart thebesian 
flow and coronary sinus flow) when the 
tag has been injected beyond the right 
ventricle. Left ventricular thebesian flow 
may be estimated by injection of tag just 
distal to aortic cusps and examination of 
the return to the left ventricular chamber 
before recirculation. These basic approaches 
are all dependent upon the sampling site 
having turbulent flow. That is, the blood 
samples must be truly representative of 
concentration of tag of all the blood in the 
chamber vessel. 

The work to be described is the results of 
examination of these techniques in 60 
experiments in anesthetized dogs with open 
chests. The data show that laminar blood 
flow is a significant deterrent to this approach 
in some instances while in other situations 
early recirculation of isotopical blood from 
other than myocardial sources interferes. 
Interpretation of all of the data suggests that 
myocardial blood flow may be significantly 
higher than measured by other methods. 


Possible Biological Effects of the Tellurium 
Content of I’ Solutions from the BNL 
Generator: C. M. Nem, Brookhaven 
National Laboratory, Upton, L.I., N.Y. 


The tellurium content of I'** solutions 
derived from the BNL generator is such 
that any significant biological effect from 
Te had to be ruled out before proceeding to 
use I!%? for thyroid tracer tests in humans. 
It appears that ingestion levels of 50 wg, 
and chronic exposure air levels of 5 wg/m? 
are tolerated by humans. Levels of Te to 
be expected from a typical 100 wc [}* 
tracer dose are 25-50 ug Te which may 
be expected to produce “garlic breath” 
(methy! telluride) but no significant physio- 
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logical changes. A simple chemical test 
(Feigl) is used to estimate the Te content of 
I'® solutions to prevent overdosage with Te. 


Biological Effects of I'*! on Thyroid of 
Sheep: L. K. Busrap, L. A. Georce, Jr., 
S. Marks, D. E. Warner, C. M. Barnes, 
K. E. Herpe, and H. A. Kornserae, 
General Electric Company, Richland, 
Washington. 


Results obtained over a four-year period 
are reported on an experiment describing 
the biological effects of [I'*! chronically 
administered to sheep. Feeding levels ranged 
from 0-005 to 1800 we per day. A depression 
in the thyroid uptake of I'*! as determined 
by external monitoring was evidenced by 
all sheep fed 5 wc or more per day and 
occurred before clinical changes were ob- 
served. With the exception of damage to the 
structures contiguous to the thyroid and 
ulceration of the mouth, the effects of 
thyroid ablative doses of I'3! resembled 
those following surgical thyroidectomy. All 
but two adults fed 5 wc of I'*! per day for 
three to four years exhibited mild to 
moderate histopathologic lesions of the 
thyroid and a significant reduction in gland 
size. No damage was observed in adult 
ewes fed 0-15 wc per day for four years nor 
in their offspring fed a similar amount for 
five years. 

Initial thyroid uptake of I'3! was demon- 
strated in sheep fetuses at 50 days of ges- 
tation using radiochemical and autoradio- 
graphic methods. The I'*! concentrations 
of the fetal thyroid gland was found to 
increase exponentially during the second 
and third trimesters of pregnancy. ‘The 
total I'*! in the fetal thyroid approximated 
the daily dose of I’?! administered to the 
dam in advanced pregnancy. At the same 
period the I'*! concentration in the fetus 
exceeded that of the dam. 


Experimental Investigation of the Uptake 
of Radio-Strontium and Yttrium: E. H. 
Grau, Marburg/Lahn, Germany. 

Our own experiments show that we must 
modify our thinking about the mechanisms 
of incorporation and distribution. A typical 
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example of this is the absorption, distri- 
bution, and deposition (as well as excretion) 
of yttrium when given in the form of 
yttrium chloride. In addition to the neces- 
sity for increasing our knowledge of the 
pharmacology and toxicology of the rare- 
earth metals, knowledge of the radio- 
toxicology of such substances is of paramount 
interest; and generally, in my opinion, we 
think too little about yttrium, falsely 
assuming that its distribution is essentially 
that of strontium. In reality, the absorption, 
distribution, and excretion of Y® is very 
different from that of Sr®°. The deposition 
of Y% is only in part subephiphyseal. 
During the first days (the critical phase) 
other organs have preferential uptake, especi- 
ally the liver, the bone marrow, and the 
testes: the most important is the pancreas. 
Specific activity and analyses of these organs 
show that the pancreas has maximal accumu- 
lation around the fifth day. In the first two 
days after the dose the storage in the testes 
is most important, especially with regard to 
genetic damage. This model of the Y” 
incorporation shows very nicely that there 
is, In many cases, not a single critical organ, 
but that several organs may be the critical 
ones. In order to evaluate the amount of 
radiation of each organ a careful analysis 
must be made. 

To learn the nature of the binding of the 
Y°*% by serum and within the tissue, electro- 
phoretic chromatographic studies were done 
and results showed lipid fraction to be the 
most important in this binding. 

Radioautographs will be shown. 

Checking of Y® results was done with 
Sr8° and 
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Other papers presented.* 


Radiation and Stress: T. F. DouGHErty, 
Salt Lake City, Utah. 


Long Term Follow-Up on Patient Who 
Received Thorotrast: JEssHILL Love, 
Louisville, Kentucky. 


Radio Waste Disposal: Forrest WESTERN, 
Health Physicist, Division of Biology and 
Medicine, Atomic Energy Commission, 
Washington, D.C. 


Radiopotassium Dilution Studies from the 
“Left” Circulation in Patients With 
Rheumatic Mitral Valvular Disease: 
Hapitey L. Conn, Jr., Donatp F. 
HeEmmAN, WILLIAM S. BLAKEMORE, PETER 
T. Kuo, and STEPHEN B. LANGFIELD, 
Philadelphia, Pa. 


Extrathyroidal Iodine Space: ARTHUR 
KretcuMar, Oak Ridge National Labora- 
tory, Oak Ridge, Tenn. 


Iodine Distribution, the Scanning Problem: 
Goutp A. AnpREws, Oak Ridge National 
Laboratory, Oak Ridge, Tenn. 


The Thyroid Uptake Calibration Problem, 
Materials, and Survey: MARSHALL Brvu- 
CER, Oak Ridge National Laboratory, 
Oak Ridge, Tenn. 


Recovery Factors in Radiation Injury: 
Lt. Commander NATHANIEL I. BERLIN, 
United States Navy, Medical Corps, 
Armed Forces Special Weapons Project, 
Washington, D.C. 


* At the time of going to press, abstracts of these 
papers were not available. They will be included in the 
next issue of the journal. 


Leon C. Epwarps: Autoradiography by neutron activa- 
tion: The cellular distribution of boron-10 in the 
transplanted mouse brain tumor. 

J.H. V. K. and J. Conen: Autoradio- 
graphy of serial cross sections of undecalcified bone. 

D. Rirrenserc and Laura Ponticorvo: A method for 
the determination of the O18 concentration of the 
oxygen of organic compounds. 

B. A. Fries, J. G. Mincre, and H. W. Sicwortu: A 
radioactive deposit gage for engines. 

Micuet Macart et Mme. L. RernisH: Calcul de rende- 

ments de polymerisation radiochimique en fonction de 

la distribution des sources. 


Papers accepted for publication in volume 1, Nos. 3 and 4. 


Ya. M. Mamut: Quantitative autoradiography using a 
radioactive wedge. 

R. Petc: The stripping film technique of autoradiography. 

J. E.S. Braptey and D. J. Bus: A simple method for the 
assay of tritium in water samples. 

Massoup T. Smmnap: Nuclear irradiation and radio- 
isotopes in metals research. 

J. F. Brack, J. F. Kuno, jr., and G. B. Crarx: A 
laboratory for studying the chemical effects of gamma 
rays. 

Howarp SELIGER: Applications of standards of radio- 
activity. 


NEWS AND NOTES 


Great Britain 


“Technological Irradiation’? Group has 
been formed recently within the Isotope Division, 
U.K.A.E.A. This group is occupying itself with 
research and development into all possible uses of 
ionizing radiations. 

A new site not far from Harwell Atomic Energy 
Research Station has been taken over by the 
U.K.A.E.A. to house the rapidly expanding isotope 
and radiation services, and especially those given to 
industry, as well as the expanding Isotope School. 

As the next Isotope School courses are all fully 
booked, new applicants cannot be accepted before the 
course starting on 14th January, 1957. 

A special course for medical graduates, following 
the September Isotope School course, will be held by 
eight British hospitals. The students will stay a few 
days in each hospital to get acquainted with the 
different isotope techniques for diagnosis and therapy. 
It is intended to hold such courses twice yearly. 
Information may be obtained from the Isotope 
School, Harwell. 

During the last year, Britain, which is the biggest 
exporter of isotopes at present, exported more than 
35°% of its isotope production to forty-six countries. 


U.S.A. 


The United States Atomic Energy Commission 
established, in June 1955, a Division of Civilian 
Application. The Isotopes Division has been made 
the Isotopes Extension of this Division, but will 
remain in Oak Ridge. The Isotopes Extension will 
continue to administer the byproduct (isotopes) 


programme. Dr. Paut C. AEBERSOLD continues as 
director. 

The United States Atomic Energy Commission has 
announced issuance of revised isotope regulations, 
which remove certain restrictions on the sale of 
isotopes abroad and simplify procedures governing 
domestic distribution. The new regulations set up 
procedures by which scientists in other countries may 
more easily obtain isotopes produced in the U.S.A. 
Scientists and research groups in other nations can 
now deal directly with U.S. production and distribu- 
tion centres. With some exceptions, commission 
licensees in the U.S. will now be able to ship bypro- 
duct materials having an atomic number from 3 to 
83, inclusive, directly to persons abroad. Provision is 


made for filing applications for specific licences to 
export other byproduct materials. Also, the inter- 
national distribution of stable isotopes has been 
liberalized. In general, persons in foreign countries 
may now place orders for research quantities of 
isotopes such as deuterium, boron-10, argon-11, 
helium-3, and _ electromagnetically concentrated 
stable isotopes, directly with the commercial supplier 
or USAEC facility. 

The schedule for the next group of regular basic 
courses in radioisotope techniques, offered by the Oak 
Ridge Institute of Nuclear Studies in 1956, has been 
set as follows: 


Class 51—14 May-8 June. 
Class 52—6 August-31 August. 
Class 53—3 September—28 September. 


Selections for these courses will be made approxi- 
mately three months before the beginning date of 
each session, and notices of action taken will go out 
soon thereafter. These courses are open to qualified 
persons from other countries as well as to citizens of 
the U.S.A. The institute’s basic courses are designed 
to assist mature scientific and technical personnel in 
obtaining in a short time sufficient facility in the use 
of radioisotopes to utilize them safely and efficiently 
in their own research work. 

The new gamma-irradiation facility at Idaho Falls 
utilizes “‘cooling’’ fuel elements from the materials 
testing reactor (MTR) to produce a field of 10 
million r/h; a similar facility, in which can be 
mounted up to twelve of the MTR fuel elements, each 
with about 70,000 curies of gamma activity, now exists 
at Argonne National Laboratory. Samples up to 4 in. 
in diameter and 28 in. long can be lowered into the 
20-ft “‘pool”’ to be irradiated adjacent to the elements. 

The Savannah River reactor site is expected to 
produce about 100,000 curies of high-specific activity 
cobalt-60 in 1956. This will help to relieve one of the 
most pressing shortages in isotope availability. 

The research reactor (RR) now being built at 
Oak Ridge National Laboratory (ORNL) for 
research and materials testing, will have a neutron 
flux of about 3-3 x 1013 n/cm?/sec. 

The multikilocurie fission product pilot plant at 
ORNL is expected to go into operation in 1957. The 
plant is designed to separate 200,000 curies of 
caesium-137 per year from hot reactor wastes, as well 
as other long-lived fission products. There will be 
equipment for fabricating single sources of a few 
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thousand curies, with provision for combining them 
into larger sources. 

Brookhaven National Laboratory has continued to 
develop processes whereby new radioisotopes can be 
added to the “available” list. Fluorine-18, a positron 
emitter with a 112-min half-life, is now available. 
Also iodine-132, with a half-life of 23 h, is available 
from ‘‘generators’” of the longer-lived parent 
tellurium-132. 

The second annual meeting of the American 
Nuclear Society will be held at Palmer House, 
Chicago, 6-8 June 1956. 


U.S.S.R. Information Materials for the International 
Journal on Applied Radiation and Isotopes. 


U.S.S.R. 


An Atomic Energy Central Department attached 
to the Council of Ministers of the U.S.S.R. was 
established in April 1956 with a view to favouring a 
more extensive use of atomic energy in all fields of the 
national economy and promoting further contacts 
with foreign countries. 

The Central Department deals with problems con- 
cerning the design and construction of atomic reactors 
for electric-power stations and other power plants, 
stands at the head of all other atomic-power research, 


and supervises the production of isotopes and the 
co-ordination of work on applied radiation and 
isotopes in all fields of industry and science. 


The Central Department includes a_ special 
division dealing with the production and use of 
isotopes. 

Appropriate scientific councils and_ divisions 
responsible for planning, co-ordination, and guidance 
of research in the use of radioactive and stable isotopes 
in science and industry, in agriculture and in 
medicine, are established at the Academy of Sciences 
of the U.S.S.R., at the Health State Department, at 
the Chemical Industries State Department, and at the 
Metallurgical State Department. 

In addition to the lectures and practical courses on 
isotope techniques and use that have been functioning 
for a number of years at the Academy of Sciences, 
similar lectures and courses have been organized 
recently at the National Education State Department, 
at the Metallurgical State Department, and at the 
Ukrainian and Georgian Academies of Sciences, for 
the scientific and technical personnel of the U.S.S.R. 
and of foreign countries. 

Irradiation of materials for various research workers 
and institutions is being carried out on specially 
designed reactors. 

As a means of collaboration with other countries on 
the peaceful use of atomic energy the U.S.S.R. 
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supplies radioactive and stable isotopes to a number 
of foreign countries, and provides assistance in the 
construction and design of reactors. To meet the 
increasing demands for substances containing radio- 
active and stable isotopes, their production at the 
Chemical Industries State Department plants will be 
carried out on a larger scale. 

Specialized laboratories working out new methods 
for the synthesis of complex organic substances 
containing radioactive isotopes will be put into 
operation in the course of the next two years, together 
with a plant for the mass production of these 
substances. 

From the beginning of this year all organizations 
concerned have been able to apply for the required 
amount of isotopes directly to the ‘‘Soyuzchim- 
reaktivsbyt’’ Office of the Chemical Industries State 
Department of the U.S.S.R. (Moscow, Krivokolenny 
pereulok No 12). 


Austria 


Radioactive isotopes in clinical medicine and research 


In Bad Gastein the Second International Sym- 
posium on Radioactive Isotopes in Clinical Medicine 
and Research was held from 6 to 8 January 1956. 
About two hundred people from twenty-one different 
countries attended this meeting, which was arranged 
by the Radioisotopes Laboratory, Second Medical 
University Clinic, Vienna. 

Thirty-two papers were given, all followed by 
lively discussions. The first day was devoted to the 
problems of localized radiation therapy with radio- 
gold, radiocaesium, and radiocobalt. On the second 
day the results of investigations with radioiron and 
radiochromium and of circulation studies with radio- 
sodium and labelled albumin were discussed. The 
papers given on the third day were mainly concerned 
with the metabolism of proteins and of phosphorus 
and calcium. A panel discussion was held during 
which the technical aspects of the use of labelled 
albumin for the estimation of cardiac output in man 
were discussed. 

There was a small technical exhibition, and films 
were shown demonstrating the various techniques of 
localized radiation therapy. It was much appreciated 
by the participants that the scientific sessions were 
held in the early mornings and late afternoons, so as 
to leave plenty of time for combining scientific 
discussion and personal contact with winter sports in 
the Gastein mountains. 

The proceedings of the conference will be published 
as a special issue of the journal Strahlentherapie. which 
will appear in June 1956. The Third Gastein 
Symposium will be held in January 1958. 
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This review covers a wide range of topics in the field of metal research where nuclear 
irradiation and radioisotopes have been employed. Nuclear irradiation has been used both as 
a means to detect minute quantities of impurities or minor constituents, and as a powerful tool 
for carrying out studies of the structure of metals. Radioisotopes have found increasing 
application in almost all branches of metal research, namely, in studies of segregation, friction, 
vapor deposition, vapor pressure, slag metal reactions, electrolytic action on metal surfaces, and 
diffusion and oxidation. 


Irradiation nucléaire et radioisotopes en recherche métallographique 


Cette mise au point comprend un vaste domaine de questions touchant a la recherche 
métallographique ou sont utilisés V’irradiation nucléaire et radioisotopes. L7’irradiation 
nucléaire sert a la fois comme méthode de détection de traces d’impuretés ou de constituants 
secondaires, et comme un outil puissant pur |’étude de la structure des métaux. Les radio- 
isotopes trouvent de plus en plus d’applications dans presque toutes les branches de la recherche 
métallographique, notamment dans les études de :¢grégation, de friction, de condensation de 
vapeur, de pression de vapeur, de réactions scorie-métal, d’action électrolytique sur les 
surfaces métalliques, de diffusion et d’oxydation. 


I[pumMenenue 
B 

CIIABOB MW Kak MeTO CTPYKTYPbI MeTAaJIJIOB. 
M30TOMbI HAXOJAT BCe MOUTH BO BCeX 
oOpasyeMbIX TlapaMH, ympyrocTu Mapa, B Wake, JeliCTBHA 


Kernphysikalische Strahlung und Radioisotope auf dem Gebiet der 
Metallforschung 


Die folgende zusammenfassende Arbeit gibt einen Ueberblick iiber die Verwendung von 
Radioisotopen und kernphysikalischer Strahlung auf dem Gebiet der Metallforschung. 
Kernphysikalische Strahlung wurde einerseits dazu verwendet um kleine Mengen von 
Verunreinigungen oder Beimengungen zu bestimmen, andererseits bietet sie ein wichtiges 
Hilfsmittel zum Studium der Metallstruktur. Radioisotope konnten in fast allen Zweigen 
der Metallforschung Anwendung finden, besonders bei der Untersuchung von Segregation, 
Reibung, Kondensation von Dampfen, Dampfdruck, Metall-Sclacke-Reaktionen, elektro- 
lytische Wirkungen an Metalloberflachen, Diffusion und Oxydierung. 
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INTRODUCTION 


Ir is now a decade since adequate supplies 
of radioactive isotopes have been available 
from chain-reacting piles. The increasing use 
of irradiation and tracers in metal research 
may be appreciated better from a review of 
published work on the subject. The distribu- 
tion of radiosotopes in the United States up to 
1955 has been listed in three publications of 
the U.S. Atomic Energy Commission," and 
these have been very useful in locating the 
applications of radio isotopes in America. An 
international bibliography on atomic energy 
published by the United Nations Atomic 
Energy Commission) covered publications 
up to 1949. Bever'®) has reviewed the appli- 
cation of radioactive tracers in physical 
metallurgy research up to 1951. Other 
reviews that are pertinent to some aspects 
of this subject are available.“4~®) 

In the application of radiotracer tecl1- 
niques to metal research a knowledge of the 
main characteristics of radiosotopes is a 
prerequisite, since the advantages and limi- 


tations inherent in these techniques have to’ 


be appraised. The main advantages of using 
radioisotopes are that they are detectable in 
extremely minute quantities, convenient in 
speed of measurements and localization, and 
nondestructive in the sense that the radio- 
activity can often be detected without altering 
the sample. Also, there are problems such 
as the investigation of self-diffusion in which 
the ability to trace atoms of their own kind 
is essential. 

The wide range of properties of different 
radioactive isotopes calls for individual 


consideration of each particular case. For 
example, although a radiosiotope may appear 
to be suitable as a tracer in a given experi- 
ment, any possibility of side reactions induced 
in the ambient by the radiations emitted from 
the radioisotope would militate against its use. 
Similarly, the properties of metal specimens 
may be altered by irradiation in a pile or 
cyclotron. For details of the nuclear and 
radiochemical principles governing radio- 
tracer methods, relevant texts should be 
consulted.‘® 

The application of artificial radioisotopes 
as tracers was preceded by work with the 
naturally occurring radioelements. As early 
as 1912, von Hevesy introduced the 
tracer technique in experiments on the 
separation of radioactive bodies electro- 
chemically in order to determine their places 
in the series of electrochemical potentials. 
In 1915 he demonstrated the exchange 
between a metal and its own ions in solution 
in an experiment with metallic lead dipping 
into a solution of lead nitrate containing the 
lead radioisotope, ThB.°) The discovery of 
artificial radioactivity in 1934, and the supply 
of radioisotopes produced by neutron- 
induced reactions in chain reacting piles, has 
stimulated research with radioisotopes. In 
the following pages the applications of nuclear 
irradiation and radioisotopes in almost all 
branches of metal research are reviewed. 
Limitations of space and time preclude an 
exhaustive review of each paper; reference 
should be made to the original contributions 
for detailed information. 


ACTIVATION ANALYSIS 


Elements which, upon irradiation in a 
pile or bombardment in cyclotrons, yield 
radionuclides having suitable half-lives and 


measurable radiations, may be identified and 
their quantities established by activation 
analysis. Although in some cases bombarding 
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with charged particles in cyclotrons may give 
rise to more favorable nuclear reactions, 
irradiation in a reactor is usually more 
efficient and convenient. This method has 
been used for the qualitative and quanti- 
tative analysis of impurities and minor 
constituents in metals and has proved to be 
of considerable value. Good reviews of the 
subject are available.“1°-2)) 

The method was first employed ‘by von 
Hevesy and Lev1,'?2) SEABorG and Livin- 
and GRINBERG.'?4) Elements that 
can now be identified number over sixty, and 
are included in Table 1, which also lists the 
sensitivity of their detection. The latter is 


TasieE 1. Elements determined in trace quantities by 
activation analysis 


Sensitivity 


Elements of detection* (g) 


| 
| 
| 
Bismuth, calcium, iron, magnesium, | 10-* 
nickel, niobium, silicon, sulfur, 
titanium | 
Cerium, chromium, mercury, molyb- 

denum, neodymium, platinum, 

ruthenium, silver, strontium, 

tellurium, thallium, tin, zirconium 


Aluminum, barium, cadmium, cesium, | 
chlorine, cobalt, erbium, gadolinium, | 
germanium, hafnium, osmium, | 
phosphorus, potassium, rubidium, 
selenium, thorium, yttrium, zinc | 


Antimony, arsenic, bromine, copper, 
gallium, gold, iodine, lanthanum, 
palladium, praeseodymium, 
scandium, sodium, tantalum, 
terbium, thulium, tungsten, uranium, | 
vanadium, ytterbium 


Holmium, indium, iridium, lutetium, 10-10 
manganese, rhenium, samarium 


Europium, dysprosium | 


* The amount of an element that produces sufficient 
activity to be measured after the element has been exposed 
to a predetermined neutron flux for a given period of 
irradiation. 


governed primarily by the activation cross- 
section, the flux and energy of the bombar- 
ding particle, the time of irradiation, and the 
half-lives of the radionuclides obtained. The 
chief difficulty in the use of activation 


analysis, besides the requirement that the 
yield products have reasonable half-lives and 
measurable radiations, is the possibility of 
interference from radioactivity induced in 
the substrate. When there are several 
constituents in the sample that yield radio- 
isotopes after irradiation, it is possible to 
distinguish between them if any of the 
following conditions prevail: (1) the yield 
or cross-sections are very different, (2) the 
half-lives differ by more than 50%, or (3) 
the energy of the radiations is appreciably 
different. If none of these conditions prevail, 
rapid chemical isolation procedures may be 
used to separate the yield products and 
identify them separately. 

A limitation of the method is that, if the 
sample contains large amounts of strong 
neutron absorbers, these cause interferences. 

The high neutron-absorption cross-section 
of rare-earth impurities is detrimental in 
materials used for the construction of nuclear 
reactors. JAKOVLEV"®) has made use of 
activation analysis to determine rare-earth 
impurities on the basis of Eu? or Sm} 
activity, with a correction for La!® content. 
Knowing the amount of Eu or Sm, it is 
possible to calculate the total content of rare 
earths in the sample. The measurements 
should begin not earlier than 3 days after 
irradiation if Sm? is determined. The 
sensitivity reported with 101! neutrons/cm?/ 
sec after 48 hours irradiation is 10-!°g Eu 
or 10-°g Sm. Other work reported in this 
paper includes the determination of impuri- 
ties in germanium, namely, 10°-'°g Eu, 
10-§ g Cu,.5 x 10-7g Zn, 3 x 10-®g Sb, 
and 3 x 10-7 g Mo. JAKOvLEV also suggests 
the possible use of monochromatic neutrons 
of various energy levels for the selective 
determination of elements having high 
cross-sections for neutron resonance absorp- 
tion, such as In, Ir, Ag, Re, Ta, W, Co, and 
others. The utilization of charged particles 
also broadens the scope of this method. 

Activation analysis of rare-earth elements 
has been studied in detail by MErINKE and 
ANDERSON, 26 who made a comparison of 
activation analysis with the sensitivities 
obtained with spectrophotometry, colori- 
metry, and amperometric titration. They 
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recommend activation analysis particularly 
for the rare-earth elements, and also for 
determining Mn, In, Re, Ir, V, Au, As, and Sb. 

The determination of trace impurities in 
liquid-metal coolants, used in atomic power 
generators, has been described by SMALEs. 27) 
He used gamma spectrometry to identify 
major gamma emitters; other impurities 
were identified by radiochemical and ion- 
exchange separations. 

One of the earliest studies was carried out 
by Aren,?*) who used fast neutrons to 
analyze hafnium in_ hafnium-zirconium 
alloys. A more recent determination of 
zirconium in hafnium-zirconium mixtures 
by radioactivation is reported by HupGENs 
and 

The presence of minute amounts of 
aluminum in silicon was demonstrated by 
neutron activation by STEPHENS and 
Lewis. 3°) 

The neutron pile proved to be an 
extremely powerful tool for the quantitative 
analysis of meteorites. BRowNn and Go 
BERG!, 32) determined the presence of a 
large number of elements in iron meteorites. 

An increasing number of minor constituents 
in metals and alloys are being analysed by 
neutron activation. These include sulfur in 
steel by KirsHENBAUM and_ 
arsenic in germanium by SMALeEs and 
Pate," indium by HupGEns and NEtson, 
lithium by Kapran and 
antimony by HupcGeEns and niobium 
and tantalum by Boyp and Gatan.'®) 
Several trace impurities in magnesium have 
been determined by ArcnHison and 
BEAMER."°) Extensive work has been carried 
out on the use of radioactivation analysis for 
the study of the zone purification of aluminum 
and of tin by CuHaupron et al.@° From the 
results obtained it was possible to calculate 
the partition coefficients of the impurities 
(Cu, Mn, Ga, Na, C, Ag, and Zn) between 
the solid and fluid states. , 

Other determinations of impurities in 
aluminum alloys include sodium by PLumsB 
and SILVERMAN» and zinc by THEURER and 
SWEET. 4?) 

The presence of gold in a light yellow 
diamond was demonstrated by means of 


neutron irradiation by FREEDMAN.“) The 
amount of gold was equivalent to 10-® g in 
a sample of 0.1 g weight. Mineral dating has 
been accomplished by neutron activation by 
Morjk, DreveER, and Curran.) 

Autoradiography can be a_ valuable 
adjunct to radioactivation. Laine et al.‘4) 
have used deuteron activation and auto- 
radiography as coupled techniques in tracer 
experiments. Mayr) has carried out 
activation analysis with nuclear emulsions. 

BHATNAGAR and GuosH”) have made a 
quantitative study of uranium in ores by 
using autoradiography. 

Deuteron bombardment enabled 
to determine the nitrogen content of metals 
by the Ni4(d, n)O reaction. A sensi- 
tivity of one part per million was attained. 
SEABORG"9) had employed deuteron bom- 
bardment to determine traces of gallium in 
iron. 

Alpha-particle bombardment was found 
to activate stable isotopes. ODEBLAD“®) used 
a 160-mc Po?!® source to activate B1°, F19, 
Na?3, and Al?’, giving Na??, Al?6, 
Al*8, and P°, respectively. The isotopic 
yields were between 0.2 and 2.2 per 108 
alpha particles. 

MartTELLy and Ste were able to use 
the attenuation of neutrons by boron in silica 
as a measure of the boron content of silica. 
A similar technique has been employed by 
Sguires®) to estimate traces of light water 
in heavy water. The transmission of slow 
neutrons through the mixture was measued. 
The high value of the neutron-proton 
capture due to the light water had a 
sufficiently marked effect to lead to an 
accuracy of 0.006°% content after 3 hours’ 
counting. Crompron®2) describes the 
analysis of sulfur by the absorption of Mn 
X-rays from an Fe®* source: these X-rays 
are absorbed resonantly by sulfur, thus 
permitting discrimination. Similarly, the 
selective absorption of beta particles from 
Sr*° has been used to determine the 
hydrogen-to-carbon ratio in hydrocarbons. 

The analysis of trace elements by isotope 
dilution*®) and the analytical applications 
of radiochemical techniques have been 
reviewed.) 
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IRRADIATION EFFECTS 


In recent years the study of radiation 
damage has been employed as a means to 
elucidate problems related to the structure 
of metals and especially to the properties of 
vacancies and interstitials. The behavior of 
materials exposed to the intense radiations 
from a nuclear reactor was first considered 
by Wicner®*) during wartime research. The 
theoretical treatment of the subject began 
with the contributions of Serrz°® and 
OzerorrF‘8®) in 1949. Since then there have 
been several extensive reviews of the 
subject.*-77) A nuclear reactor for metal- 
lurgical research‘"®) and cyclotron techniques 
for radiation-damage studies'’®) have been 
described. 

Radiation damage in metals is caused by 
heavy charged particles and neutrons which 
(1) displace atoms from their lattice sites, (2) 
create vacancies and interstitial atoms in 
excess of the number which are in thermal 
equilibrium, (3) produce ionization, (4) 
give rise to thermal pulses, lasting about 
10-" sec, in small regions in the metal 


(estimated at about 10* atoms) where the 
radiation produces vacancy-interstitial pairs 


and thermal or displacement spikes. The 
extent of the damage depends both on the 
energy, flux, and type of the bombarding 
particle, and on the nature and temperature 
of the material. For example,‘ in the case 
of zirconium the average energy of the atoms 
knocked from their normal sites by 1 MeV 
electrons, protons, and neutrons is approxi- 
mately 32,180 and 21,000 eV, respectively. 
Most of the damage is due to recoil atoms, or 
recoil ions.) From Srirz’s estimate of 25 
eV for the energy necessary to dislodge an 
atom from its regular position in the lattice, 
it is possible to obtain an approximate 
estimate of the number of lattice defects 
caused by a given irradiation.'8°-*) The 
effect of irradiation upon the following 
properties of metals and alloys has been 
examined: 


(a) Electrical Resistivity 


Martin et al.) carried out the first 
systematic study of electrical resistivity by 
bombarding aluminum and copper at 


1A 


—150°C with alpha particles from a 
cylotron. They found that the change in 
resistance began to anneal out at —80°C and 
was completely recovered by room tempera- 
ture, although the hardness was. still 
appreciably changed. Since then most of 
the studies on irradiation damage have been 
based on measurements of electrical resis- 
tivity.(°3-413) These include work on copper, 
silver, gold, aluminum, nickel, tantalum, 
copper-beryllium alloys, brass, molybdenum 
platinum, titanium, vanadium, cobalt, and 
iron. The induced thermoelectric potential 
from radiation damage has been found to be 
97) has 
also measured the stored energy released 
from  deuteron-irradiated copper upon 
annealing. Below —40°C the stored energy 
released per degree centigrade was approxi- 
mately uniform and was presumed to result 
from annihilation of closely spaced inter- 
stitial-vacancy pairs produced by the 
bombardment. A prominent maximum in 
the annealing spectrum occurred at —15°C, 
and was interpreted as binary recombination 
of interstitial atoms and vacancies by means 
of interstitial diffusion. The stored energy- 
to-resistivity ratio was found to be 1.7 cal/g 
per micro-ohm-cm. 
(b) Diffusion 

Several attempts have been made to 
measure the effect of irradiation upon 
metallic diffusion, with little success.(118-!29) 
The influence of neutron irradiation upon 
self-diffusion had been noted in one of the 
earliest applications of artificial radioactivity 
to metals research when McKay"!?) 
measured the self-diffusion of gold. He 
bombarded one side of a gold disc with 
neutrons, to prepare the radiogold in situ, 
and measured the diffusion rate by deter- 
mining the activity emerging from one side 
of the specimen. The results obtained by 
this method differed from the values 
determined by conventional methods. The 
difference was ascribed to the formation of 
vacant sites in the gold lattice by neutron 
bombardment. Lomer"?5) has examined 
theoretically the effect of irradiation upon 
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diffusion rates in copper. He concludes that 
the effect will be very small, since at high 
temperatures the vacancy-interstitial con- 
centration under irradiation is not much 
different from that in an_ unirradiated 
specimen. At low temperatures the diffusion 
coefficients are small enough to mask the 
effect of the increased number of lattice 
vacancies created by irradiation. 


(c) Phase Transformations 


Following the pioneer contributions of 
Seitz®, 124) to the theory of the disordering 
of solids by the action of fast massive particles, 
there has been much work in progress to 
study the effect of irradiation upon the 
disordering of alloys and the crystal structure 
of metals. Investigations of order-disorder in 
copper-gold alloys by the radiation-damage 
technique have shown the complexity of this 
For example, exposure 
of these alloys to fast neutrons within the 
reactor at about 50°C resulted in a disor- 
dering process, whereas at 200°C the 
radiation had an ordering tendency. Simi- 
larly, beta-brass after exposure to alpha 
particles near —150°C showed evidence of 
being disordered, a state which has not been 
observed in beta-brass hitherto. When the 
temperature was raised, annealing took place 
rapidly and was complete at 0°C, which 
suggests that the vacancies produced by 
irradiation are very mobile even at low 
temperatures. 

The aging of copper-beryllium alloys 
followed a markedly different pattern 
under the influence of neutron bom- 
bardment."%7; 188) The radiation increased 
the rate of formation of nuclei in the early 
stages of precipitation from solid solution. 
Also, the nucleation took place throughout 
the volume of the material rather than at 
grain boundaries, where it occurs usually. 

The interrelation between composition 
and order-disorder in irradiated alloy systems 
has been shown with the aid of magnetic 
measurements on nickel-manganese alloys by 
ARONIN. 239) 

The change of electrical resistivity as a 
function of temperature has been used by 
Bowen and 4) to estimate 
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values for the change in the Debye tempera- 
ture caused by irradiation and by cold-work. 
Their conclusion is to the effect that the 
internal stress produced by radiation damage 
shifts the spectrum of lattice oscillations to 
lower frequencies, and this increased energy 
is a measure of most of the energy stored in 
damaged metals. 

The effect of deuteron bombardment has 
been demonstrated by McDonnett and 
KrersTEap,'!?; 143) who fuund that copper 
had expanded after being bombarded by 
21-MeV deuterons. The displacement of 
ions by irradiation of ionic lattices has been 
discussed by Pice et and Var.ey. 45) 
The changes in the crystal lattice of beryllium, 
graphite, diamond, and aluminum, subjected 
to high-energy neutrons, have been measured 
by and Henry.'!!®) 

The acceleration of phase transitions is 
shown in a striking manner in the case 
of the white-to-grey tin transformation. 
FLEEMAN“4? and FLEEMAN and 
found that the effect of neutron irradiation 
of tin at liquid-nitrogen temperature was to 
accelerate the white-to-grey tin transfor- 
mation by eliminating the normally very 
long induction period. The effect was 
similar to seeding, except that the higher 
degree of reproducibility indicated that the 
irradiation resulted in quite uniform seeding 
of the white tin. A similar phenomenon has 
been observed on sulfur by MUuLLeR and 
Scumip. ‘149? 

The neutron radiation stability of austenitic 
stainless steel has been investigated by 
Reynotps, Low, and 
Exposure to a neutron flux was found to 
cause a slight increase in the ferrite content 
of type 347 stainless steel, the change 
increasing with increasing length of exposure 
and with increasing initial ferrite content. 

The scattering of long-wave neutrons by 
lattice defects was used as a means to 
estimate the number of isolated interstitial 
atoms and vacancies introduced in graphite 
by reactor irradiation. ANTAL, WEIss, and 
Drenes">) found experimental values that 
agreed with those derived from SeErrz’s 
theory. Other studies of irradiated graphite 
that are of interest include the work of AusTIN 
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and Harrison,‘?) Hennic and 
and Keartine. (154) 

X-ray techniques have been used to 
study irradiated materials. TUCKER and 
Sampson“155) determined the interstitial con- 
tent of radiation-damaged metals from 
precision X-ray lattice parameter measure- 
ments, to the extent of 0.01 atom per cent of 
interstitials. An X-ray diffractometer for 
highly radioactive materials has been des- 
cribed by Brepic, Kier, and Bortg,'>® 
and a double-diffracting X-ray spectrometer 
has been used for the study of irradiated 
materials by Cummincs, Kautirz, and 
SANDERSON,"57) KOHLER and 
and Tucker and Senio.69) 

Neutron diffraction is a powerful tool for 
crystal studies, and the technique has been 
reviewed by 6°) 

The behavior of fissionable materials, 
especially uranium, subjected to irradiation, 
is extremely complex. This field is reviewed 
at length by KonoBEEvsky"!®”) and by PAINE 
and 


(d) Mechanical Properties 


The effects of nuclear irradiation upon the 
mechanical properties of solids have been 
shown to be very complicated and much 
work is in progress to discover in greater 
detail the basic mechanisms involved in the 
damage resulting from irradiation. In 1951, 
Martin et al.63) reported appreciable 
changes in the hardness of copper samples 
irradiated at —150°C with alpha particles 
from the Berkeley cyclotron. The increase in 
hardness persisted at room temperature even 
though the change in electrical resistivity 
disappeared at quite low temperatures. 
NaBARRO"®) and Drenes‘!®) have discussed 
the relative importance of the roles of 
interstitials and vacancies on the basis of 
theoretical calculations. DrENnes‘!®) also has 
reviewed the effects of nuclear radiation on 
the mechanical properties of solids. Since 
then several other reviews have been 
published. 72, 74, 166—168) 

Changes in the creep rate of cadmium 
bombarded by alpha particles were reported 
by Recently, 170) 
found no direct effect on the creep rate, but 
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observed a slow hardening, which he ascribes 
to oxidation of the metal by the O ions or O, 
produced by the bombardment. According 
to Scumip and Lintyer,"1”) flow experiments 
on zinc crystals subjected to beta radiation 
from P*®? indicate that slightly hardened 
crystals are softened. Creep studies have 
also been carried out on irradiated copper"? 
and on aluminum. (174-177) 

Stress-strain curves of irradiated copper 
specimens have been determined by BLEwitr 
and and Jamison."79 The 
critical shear stress increased by a factor of 8 
after irradiation with a fast neutron flux of 
18 x 10'8 n.v.t. and testing at room 
temperature. Hardness measurements by 
Drxon and of electron-irra- 
diated copper specimens at —20°C showed 
an increase in hardness, which they attribute 
to vacancies and interstitials. Other studies 
on copper include measurements of YouNG’s 
modulus and internal friction of neutron- 
irradiated samples by THompson, Hotmes, 
and Biewirr.8)) 

Aluminum alloys subjected to a neutron 
flux of 1.26 x 1074 neutrons/em? at an 
estimated temperature of 65°C were strained 
by STEELE and The irradiated 
specimens showed improved yield and tensile 
strengths over the untreated specimens. The 
effect on elongation was erratic. Ketiy‘!8®) 
has made electron microscope studies of slip 
bands in aluminum crystals bombarded at 
—100°C by alpha particles. Specimens 
tested at -—196°C showed more slip as 
compared with unirradiated specimens. 

Molybdenum shows a _ hardening after 
deuteron irradiation, as observed by GeErB 
et al.284) Neutron irradiation of ductile 
pure molybdenum was found to embrittle 
this metal; McHucu, and 
Hockensury"®*) conducted tensile tests at 
various temperatures which revealed that 
the transition temperature increased from 
—30°C to + 70°C as a result of the radiation 
exposure. 

The effect of short-time moderate-flux 
neutron irradiations on the mechanical 
properties of single crystals of iron, lead, and 
zinc was measured by Kunz and Ho.pen."18® 
The flow stress of iron and zinc crystals as 
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measured from load vs. elongation curves 
was markedly increased after the neutron 
exposure, whereas for lead crystals it 
remained unchanged. Irradiated iron cry- 
stals were annealed at temperatures ranging 
from 200° to 500°C for various times, and 
tested in tension. 

Meyer"'§”) examined the notch sensitivity 
of mild steel after deuteron bombardment 
and found that the ductile-brittle transition 
was raised from —1° to 18°C. The hardness 
was doubled, and annealing occurred 
between 280° and 480°C. Wrrson and 
BERGGREN"!§®) have also reported work on 
the effect of neutron irradiation on 
steels. 

A very ingenious method was devised by 
CHARLEsBY, Hancock, and Sansom"8®) to 
observe the effect of neutron irradiation on 
the elastic modulus of austenitic steel: 
“Elinar” spring oscillations in electric clocks 
were counted while irradiated for a total flux 
of 101% neutrons/cm?. 


(e) Chemical Reactions 


The radiation chemistry of aqeous solutions 
has been studied expensively in the past, but 
it is only recently that the influence of nuclear 
radiation upon the surface reactions on 
metals has been given any attention. PRIMAK 
and Fucus"®® 1%) noticed excessive corrosion 
of metal parts in a reactor during humid 
days. They found that certain metals and 
alloys which are subject to nitric-acid 
corrosion were coated with nitrates when 
irradiated in moist air. They ascribe the 
origin of this phenomenon to the fixation of 
nitrogen in the atmosphere under conditions 
of ionization. The ionization may be caused 
by the metal itself being radioactive or by 
the passage of radiation from external 
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sources through the surrounding atmosphere. 

The effect of proton irradiation upon the 
rate of solution of ferric oxide in hydrochloric 
acid has been studied by Simnap and 
The oxide specimens 
were irradiated with 260 MeV protons of a 
total flux of 10!® protons/cm*, and their 
dissolution rates measured. The experiments 
indicated that proton irradiation significantly 
increases the solution rate of ferric oxide in 
hydrochloric acid. The effect was ascribed 
to the production of lattice defects such as 
vacancies, displaced atoms, and dislocations. 

The rate of reduction of nickel oxide by 
hydrogen was markedly accelerated after 
proton irradiation of the oxide. Simnap, 
SMOLUCHOWSKI, and measured 
the rates of hydrogen reduction of irradiated 
and nonirradiated specimens. The proton 
irradiation shortened the induction period 
and greatly increased the rate of reduction. 
The temperature at which the reduction was 
carried out also had an influence upon the 
effect of the irradiation: no effect was 
observed when the reduction was carried out 
at temperatures above 400°C. 

The effect of nuclear irradiation upon the 
electrode potentials of metals is being 
examined by Smnap and 
The electrode potentials of irradiated tung- 
sten and of molybdenum were anodic (less 
noble) to the annealed specimens, and 
actually the effect was much greater than 
that produced by severe cold-work. 


(f) Semiconductors 

A great deal of work has been carried out 
on the effects of nuclear irradiation on the 
properties of semiconductors, and reference 
may be made to the original papers for 
information on this subject.(1%-?4) 


SEGREGATION 


The distribution of phases in cast structures 
and in heat-treated alloys may be investi- 
gated by autoradiography of active 
specimens. The location of any constituent 
can be shown on the autoradiograph either 
by adding a radioisotope of the element when 
preparing the alloy, or by irradiating the 
prepared specimen in situ. Both methods 


have been used in important studies of 
segregation and inhomogeneity in metals and 
alloys. 

Prior to the discovery of artificial radio- 
activity, intentional additions of naturally 
occurring radioelements such as polonium, 
thorrium-B, and radium were made by 
SerrH and and 
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WERNER” to study the metallography of 
various metals. These included the solidifi- 
cation process, solubility, recrystallization, 
and segregation. WERNER applied the 
emanation technique of HAHN by adding 
radium or thorium-X to metals, and 
measured the rate of escape of the emanated 
atoms from the metals. He observed a 
change in the relative rate of alpha-particle 
emission following cold work which paral- 
leled the change in density of cold-worked 
alloys. Recently, SrEwarp ef have 
made use of autoradiography to determine 
the segregation of polonium in lead-bismuth 
alloys. They claim to have discovered the 
presence of three types of segregation; 
namely, at the crystal boundaries, at the 
surface, and periodic variation in the 
concentration of polonium caused by 
variations in the speed of solidification when 
the alloy was solidified under conditions of 
linear growth. WrneGARD has demon- 
strated the inverse segregation of Sn'!3 in 
bronze by means of autoradiographs. ‘TILLER 
and WinEGARD"%°) have similarly shown the 
concentration of radiosilver at the grain 
boundaries of tin containing silver. No 
preferential precipitation of bismuth in 
copper could be detected by Toman and 
PerrziLka,'?3)) who used the radioisotope 
RaE?!° to investigate the distribution of 
bismuth in copper. 

Radiosodium has been used to throw 
further light upon the mechanism of the 
refining action of sodium in AI-Si alloys. 
Following the earlier work of THALL and 
MicHAEL BEvER'33) 
investigated the partition of radiosodium 
between the primary Al-rich solution and the 
eutectic to determine whether sodium is 
concentrated in or around the silicon 
particles in the eutectic. Radiosodium 
fluoride was prepared by bombardment with 
deuterons having an energy of 14 MeV. The 
radiofluorine also produced has a short half- 
life, and was not detected. The radiosodium 
fluoride was allowed to react with the alloy 
for 5 min immediately before solidification 
in the crucible. The stripping-film technique 
was used to prepare autoradiographs of a 
metallographic specimen 20 microns thick. 


The emulsion was kept superimposed on the 
specimen, so that it could be correlated 
directly with the underlying surface by 
adjustment in focus. The distribution of 
active sodium in the specimen was determined 
by counting the number of developed grains 
at constant depth in the emulsion above unit 
areas of these structures. The effect of cross 
radiation was avoided by confining the 
examination to centers of large areas of 
eutectic or primary constituent. No preferen- 
tial concentration of sodium could be 
detected in the eutectic; this finding invali- 
dates any hypothesis of modification based 
on a close association between the sodium 
and silicon. 

A detailed account has been given by 
and Bever'#) of the solidification 
of Al-rich Al-Cu alloys, in which the 
compositions of the cored primary solid 
solutions were determined by quantitative 
autoradiography after activation of the 
solute copper by neutron irradiation. 
Specimens 20 microns thick were prepared 
from the cast alloy and irradiated for 4 hours 
in a cyclotron with thermal (slow) neutrons 
at a flux of approximately 107 neutrons/cm?/ 
sec. Since the radioisotope of Al has a half- 
life of only 2.4 min compared to the 12.8 
hours of Cu”, the ratio of the activity of Cu®* 
to that of Al** in a 2% Cu alloy is 9000 : 1 
after a decay period of | hour. High purity 
of the alloys is essential in order to exclude 
activation of interfering contaminants. 
Exposure times of 48 hours were used for the 
autoradiographs. The emulsions were first 
calibrated by successive exposures to the 
radiation emitted from a pure copper 
cylinder activated by thermal neutrons. The 
standard sources of known uniform copper 
content were prepared from solution-treated 
Al-Cu alloys. The density of the autoradio- 
graph of the standard source was measured 
in order to locate a point on the calibration 
curve. A recording high-resolution micro- 
photometer was used for measuring the 
photographic density of the autoradiographs. 
The results showed that the amount of 
microsegregation in prominent denrite 
branches of the alloys investigated increases 
as the copper content of the alloy increases. 
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The variation in copper concentration due 
to microsegregation also increased with the 
copper content. 

An example of microsegregation is the 
work by Purnam‘?3>) on the use of auto- 
radiography for finding the solidification 
boundary in continuously cast Al billets. 
Since gold does not enter into solid solution 
in Al, a mixture of nonradioactive gold and 
liquid Al was poured into the input stream 
of molten Al as it flowed into the crater 
during the casting of an 8.6-in.-diameter 
billet, at a rate to give a mean gold content 
of 0.0007°. Specimens were cut from the 
billet and irradiated in a pile for 63 days in 
a neutron flux of 10! neutrons/cm?/sec. 
After decay periods of at least 3 days, to 
allow the short-lived contaminants to decay 
away and leave radiogold as the only 
radioactive constituent, autoradiographs 
were made by 10-min exposure on X-ray 
film. The shape of the solidification boundary 
was shown by the blackening of the film at 
the regions where the gold had segregated. 

Further evidence to support the view that 
impurities in aluminum are segregated at the 
grain boundaries is provided by autoradio- 
graphs of irradiated specimens, as shown by 
ROBERT, ROBILLIARD, and 
and PLums.‘238) 

The correlation between impurity content 
and semiconducting properties of germanium 
was first made with the aid of the tracer 
technique. PEARSON, STRUTHERS, and 
THEURER'%%) determined the segregation of 
traces of Sb!*4 in a germanium ingot by 
measuring the radioactivity of sections of the 
ingot. Most of the antimony was found in 
the surface and top of the ingot. 

The effect of crystal structure upon the 
segregation of hydrogen in titanium is shown 
very strikingly in autoradiographs of 
titanium containing tritium; Courts et al.24° 
find the tritium segregated in the beta phase 
in specimens that have a mixed beta and 
alpha structure. 

The grain-boundary sensitization of 18/8 
stainless steel has been studied autoradio- 
graphically by adding radiochromium to a 
melt of 18/8 stainless steel. The attempt was 
made to detect a zone depleted in chromium 


at the grain boundaries, and of measuring its 
width by taking microphotometer traces of 
the enlarged autoradiographs. ‘The results 
furnished no evidence for the presence of such 
a zone greater than about 10 microns wide, 
which was the limit of resolution attained. 
A further refinement of high-resolution 
autoradiography was applied by ERWALL 
and Hitterr in their study of the distribution 
of 0.004% Pb in 18/8 stainless steel.(4?) 
Since the specific activity of the lead was 
known, the size of the lead particles which 
segregated between the dendrites in small 
distinct regions was calculated from the 
number of tracks in the corresponding star 
in the autoradiograph. Calculations indi- 
cated that these grains are approximately | 
micron in diameter. Similar work has been 
reported by STANDIFER and Fonrana.(?49) 
Other applications of tracers to study 
segregation in steels include: tungsten in 
high-temperature alloys by 
Tal® for tagging special steel melts by 
Douctas;'*>) various tracers for finding the 
source of contamination of ball-bearing steels 
by nonmetallic occlusions by GriGoRYAN and 
SAMARIN;'46) several minor elements in 
steels by Koun;'?47; carbon in steel by 
Tower, GomBerG, and Gor- 
LICH, Gooss—ENs and ScHNECK,'5® and 
KisHxin and Boxsurern.' The latter 
also report extensive work on tracer studies 
of the distribution of several elements in 
nickel. For example, the concentration of 
niobium in nickel was found to be 32% 
greater at the grain boundaries than within 
the grains, whereas the concentration of iron 
was 20% less at the grain boundaries than 
within the grains. Hot working greatly 
increased the rate of homogenization. ‘?>?) 
The effect of annealing upon the distribution 
of chromium in steel was followed by adding 
Cr®! to the steel as a tracer element by 
BoLtorov and An auto- 
radiographic investigation of nonmetallic 
inclusions in copper was made _ by 
who added radiozinc and 
radiotin to a copper melt. The ZnO was 
found to be uniformly distributed in the 
metal, but the SnO was accumulated along 
the crystal boundaries during slow cooling 
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and uniformly distributed with rapid cooling. 
GnucHEv and determined the 
distribution of calcium in a steel ingot by 
adding finely powdered calcium silicate 
tagged with Ca* to a stream from the ladle 
during top and bottom pouring. The 
contamination was found mainly in the 
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bottom of the ingot. The structure of 
magnesium alloys has been studied by Drirts, 
SVIDERSKAYA, and KaApDANER°® by adding 
Ca** to the alloy and taking autoradiographs. 
Exuytin and Natanson'?5”) investigated the 
mixing of metallic powders with the aid of 
radiotracers. 


FRICTION 


The nature of friction is now better 
understood as a result of the use of radioiso- 
topes to reveal the transfer of matter during 
the friction of metals. In such work either 
one of the sliding metals is made radioactive 
prior to the friction experiment, or the 
transferred metal is activated in situ after the 
test. Autoradiography of the surface will 
locate the transferred material. Work in this 
field was first reported by Grecory'*®) and 
BurweE.t. A quantitative technique has 
been described by Rasinowicz and 
Tasor. (269, 261) ‘The slider metal was acti- 
vated by irradiation in a pile, and the 
amounts of radioactive fragments transferred 
to the base metal during friction were 
estimated quantitatively on autoradiographs 
by comparison with the relative darkening 
produced by “‘step-wedges.” ‘The latter 
consisted of different thicknesses of the metal 
used in the sliding experiments, plated on to 
aluminum and irradiated together with the 
friction specimen. Their results confirmed 
the view that the friction between metals is 


due mainly to the formation and shearing of 
metallic junctions, and that the chief function 
of a boundary lubricant is to decrease 
metallic interaction. 

BowbEN and Moore'®) prepared radio- 
active specimens to determine directly 
whether or not chemical reaction takes place 
when a lubricant is present during friction. 
Pure-metal foils were made artificially radio- 
active byirradiationina pile. Anindependent 
series of friction measurements, with long- 
chain fatty acids on different metals, showed a 
close correspondence with the radioactive 
results. Lubrication was found to be most 
effective only when reaction occurred with the 
underlying metal to form a soap-film which 
was solid at the temperature of sliding. (Their 
method was so sensitive that, with gold, reac- 
tions to the extent of 1/100 equivalent of a 
monolayer of metallic soap could be detected.) 

Radiosotopes have also been employed to 
determine metal transfer in the wear of 
metals‘?63-279) and for rapid measurement of 
cutting-tool life.(?71, 272) 


VAPOR DEPOSITION 


The theory of heterogeneous nucleation is 
being developed and tested by recent work 
in which radioisotopes have provided a con- 
venient means for studying the condensation 
process. Since extremely small amounts of 
radioactive deposits can be detected, conden- 
sation of less than a complete monoatomic 
layer can be studied quantitatively. The 
results throw light upon the condensation 
process and the condensation coefficient. 
FRAUENFELDER et al.'73) succeeded in sepa- 
rating a mixture of Ag!®? and Cd!0 
by evaporating it onto a hot target. 
has reported work on the 
condensation of radiocadmium and radio- 


bismuth from the vapor phase, and found 
that he could detect condensation at much 
lower supersaturations than that extrapolated 
from previous work. Linc YANG, SIMNAD, and 
Pounp”) have studied the condensation of 
radiosilver vapor from atomic beams to silver 
crystals on substrates of different nature. 

radioactive-shadowing technique has 
been developed by Stmmnap, Linc YANG, and 
Pounp7®) to find the effect of oblique 
metal-vapor beams upon the distribution of 
the deposits on the targets, Such a method 
accentuates the effect of surface roughness 
factors upon the uniformity of the deposit 
formed from the vapor. The target surface 
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is placed in the path of a collimated, radio- 
active metal-vapor beam at a small angle. A 
few atom layers of the radioactive metal are 
deposited on the target and its autoradio- 
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graph is taken. The autoradiograph shows 
up small surface irregularities. A similar 
investigation has been’ reported’ by 
Preuss,'?77) who used and Cr*!. 


VAPOR PRESSURE 


The thermodynamic properties of alloy 
systems can be calculated from measurements 
of their thermodynamic activities. The 
latter may be determined most conveniently 
by means of vapor-pressure measurements, 
and the range of such measurements has 
been greatly extended by use of radioactive 
tracers. BIRCHENALL, SCHADEL, and 
McCase’8, 27%) tested the advantages and 
limitations of this method by measuring the 
vapor pressure of silver by means of the 
Knudsen orifice effusion technique. Radio- 
silver was placed in the Knudsen cell and the 
collimated vapor was condensed on a target. 
The weight of radiosilver so collected was 
determined by counting with a G-M counter 
and comparing the counting rate with a 
standard containing a known weight of 
silver. By carrying out the experiment with 
certain geometrical and physical conditions 
established within the system, the vapor 
pressure of the normal mixture of stable 
isotopes may be calculated. In the calcu- 
lation a correction has to be made for the 
difference in weights between silver 
and ScHaADEL, DeERGE, and 
BircHENALL"S®) employed this technique to 


SLAG-METAL 


The physical chemistry of process metal- 
lurgy has been very actively studied for many 
years, but in many cases it was not possible 
to decide between different views on the 
mechanism of slag-metal reactions by means 
of conventional experimental methods. There 
are now several instances in which the 
radiotracer technique has proved to be of 
great value in this field. 

In an investigation of the dephosphori- 
zation process, WINKLER and CHIpMAN‘?89%) 
utilized radiophosphorus to ascertain how 
long a time was required for a slag-metal 
system to return to equilibrium after being 
subjected to slag or metal additions or 


measure the activity of liquid silver-silicon 
alloys and Hatv8” used it to determine the 
activities of gold in gold-silver alloys. ‘This 
work has been continued by McCasg, 
SCHADEL, and BIRCHENALL'?®2) to measure 
the vapor pressure of silver over Ag-Au solid 
solutions. In alloy systems where one 
constituent vaporizes much faster than the 
other, concentration changes of the sample 
will take place with time. Another source of 
error will arise if the diffusion rate of the 
vaporizing element is not fast enough to 
prevent its depletion at the surface of the 
specimen. The Knudsen orifice effusion 
technique has been found to be applicable to 
cases in which the use of the e.m.f. method is 
not possible. 

Kornev and Go.uskin'?89) have made the 
interesting discovery that the heat of vapori- 
zation of iron decreases as its carbon content 
increases, and bears a constant ratio to the 
activation energy for diffusion. Studies 
on other metals appear to confirm this 
generalization. (284-287) 

Croatro and have 
described tracer experiments to measure the 
vapor pressure of zinc in alloys. 


REACTIONS 


temperature changes. Anhydrous tricalcium 
phosphate that had been made radioactive 
was added to the liquid slag, and metal 
samples were taken at intervals. The 
activities of the samples were measured to 
determine the relative amounts of radio- 
phosphorus in each sample, and when the 
activity reached a constant value equilibrium 
had been reached. The equilibrium distri- 
bution of radiophosphorus between liquid 
iron and slags has been reported more 
recently by SHVARTSMAN and Gruzin(29°) 
and by and Similar 
measurements have been made on_ the 
transfer of sulfur between liquid iron and 
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slag.'?92-294) SaMARIN(29) has reviewed some 
applications of radioisotopes in process 
metallurgy. 

An attempt was made by Puiiprook, 
GotpmMan, and to find the 
distribution of calcium between CaO-Al,O,- 
SiO, slags and liquid iron by adding 
radiocalcium to the melt. The presence of 
calcium in the iron could not be detected, 
although the limit of detection was approxi- 
mately 6 10-5°% calcium. 

Similarly, the equilibrium exchange of iron 
between silica saturated iron-silicate slag and 
liquid iron has been established by DERGE and 
BIRCHENALL,'?°” who added radioiron to the 
system as a tracer. They showed that the 
exchange follows first-order kinetics. The 
rates were found to be sufficiently high to 
account for observed refining reactions. 

Although the diffusivity of the reactants 
or of the products may be the rate-deter- 
mining step in some slag reactions, there was 
little information available until recently on 
diffusion coefficients in liquid slags. The 
diffusion coefficient of Ca* ion in several 
liquid slags has been measured by Towers, 
Paris, and Cu1pMan,'?9®) using a radiotracer 
technique. The method which they developed 
consists of placing inside a graphite tube a slag 
containing radiocalcium in contact with an 
identical nonactive slag. After heating at tem- 
perature for a suitable length of time to allow 
measurable diffusion to take place, the 
assembly was quenched, sectioned longitudin- 
ally, and placed on a photographic emulsion. 
From the autoradiograph the diffusion- 
penetration curve of the calcium was obtained 
by means of a microphotometer, and from this 
the diffusion coefficient was calculated in the 
usual manner. MALKIN and SHVARTSMAN?99) 
have determined the transport number of 
Ca++ ions in CaO-P,O, slags which were 
tagged with radiophosphorus. 

An indirect method of determining the 
diffusion coefficient of an ion species is to 


ELECTROLYTIC ACTION 


Studies with radioisotopes having a bearing 
on metal-surface reactions in solutions have 
already been surveyed by the author,‘?°? 


measure the ionic mobility in the slag and to 
calculate the diffusion coefficient by the 
Nernst-Einstein relation 
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where uw is the mobility of the ion species. 
Linc Yanc and Simnap° have made a 
detailed analysis of this method. Srmnap, 
Linc Yano, and Derce) have used 
radioiron as a tracer to measure the mobility 
of the ferrous ions in liquid-ion silicates, as 
part of electrochemical studies of liquid-slag 
systems. A radioactive iron anode was dipped 
into the liquid slag contained in a long, 
narrow anode compartment. The distance 
travelled by the radioiron during electrolysis 
was deduced from the autoradiograph of the 
rapidly cooled anode section, and from this 
measurement the mobility was calculated. 
A blank run in which no current was applied 
was made under similar conditions for each 
of the experiments in order to find out the 
part played by self-diffusion of the ferrous 
ions in the slag. 

FEDER‘) has reviewed the pyrometallur- 
gical processing of nuclear materials by means 
of oxidative slagging. The fission products 
are thereby removed from the irradiated 
uranium-plutonium alloy in order to reuse 
the alloy as pile fuel. 

Ostrov et used radiocobalt to study 
the distribution rate of cobalt in the molten 
metal in large open-hearth furnaces. 

The thermodynamics of ferrous sulfide, of 
interest in steelmaking processes, has been 
worked out by ALtcock and RicHARDson‘3%) 
from the results of a study of the 
heterogeneous equilibrium 

FeS + H, = Fe + H,S 
in which radiosulfur was used. The approach 
to equilibrium was followed by measuring 
the partial pressure of H,S in the gas phase 
by passing the gases over a thin-window 
G-M counter. 


ON METAL SURFACES 


and only a brief account of the subject 
will be presented here. The types of 
electrolytic action on metal surfaces that have 
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been studied by means of tracer methods 
are: 

(i) Exchange, between metal surfaces and 
ions in solutions. The original work of 
von Hevesy'3%, 3°6) with the naturally 
occurring radioelements has been followed 
by more recent work using artificial 
radioisotopes. ‘307-2 When a metal is 
placed in a solution containing radioactive 
ions of a base metal or of its own radioactive 
ions, it acquires a radioactivity equivalent to 
a deposit of many atom-layers thick. The 
surface distribution of the activity picked up 
by the metals can be followed by autoradio- 
graphy. <A distinction has to be made 
between adsorption and local cell action as 
the possible factors governing the exchange 
between metals and ions in solution. Impor- 
tant factors such as the influence of oxide 
films on metals, surface condition of the 
metals, crystal orientation, oxygen dissolved 
in the solution, and of the changing activity 
of the active solutions during exchange have 
to be taken into consideration. Recently a 
radiotracer technique has been developed by 
Smnap 27) for continuous measurements, in 
situ, of adsorption from solutions on solid 
surfaces. This method can be employed for 
studies of exchange, adsorption, and passivity. 

(ii) Corrosion and passivity problems that 
have been studied with tracers are some- 
what limited, and include work on 
and phosphate‘) passi- 
vity, corrosion of iron,'??, 333) brass, (334) 
pitting of aluminum,‘%® and adsorption of 
inhibitors. ‘*37-344) The most recent and 
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instructive contribution to the mechanism of 
passivity has been made by CarTLeDGE,‘*4°) 
who studied the inhibition of corrosion by 
the pertechnetate ion. By use of the radio- 
activity of Tc, the reduction of the TCO,- 
ion by the metal was studied under inhibiting 
conditions. Inhibition could be achieved by 
far less than enough Tc to form a monolayer. 

(iii) Electrodeposition and __ electrochemical 
displacement of metals are being better under- 
stood from the results of recent experiments 
where tracers have been employed.‘*4¢-%®) 
The work of Rocers, ByRNE, and 
Grigss‘#48-35°) on the deposition behavior of 
radioisotopes from extremely dilute solutions 
onto various electrodes has shown that even 
the complete Nernst equation fails to describe 
the deposition, since the equation has to be 
modified by the addition of a term to account 
for the energy differences at the deposit/ 
electrode interface. 

The use of tracer techniques makes 
possible the study of the mechanism and 
kinetics of electrochemical displacement from 
the earliest stages.‘°®) The influence of time, 
temperature, and concentration of ions can 
be followed. The effect of surface condition 
of the metal specimens is known to be 
appreciable. Autoradiographs of large- 
grained metal specimens, after exchange with 
radioactive ions, indicate that grain boun- 
daries and substructural boundaries are 
anodic sites, and the phenomenon of electro- 
chemical displacement is shown to be 
governed by local cell action rather than by 


‘ direct adsorption of metal ions. 


DIFFUSION 


The earliest and most extensive application 
of radioisotopes in metal research has been 
in the field of diffusion. Following the 
pioneer measurements of self-diffusion in lead 
by von the self-diffusion 
coefficients of most metals that have suitable 
radioactive isotopes have been measured. 
The majority of these measurements were 
confined to volume diffusion in the pure solid 
metals. In recent years the investigations 
have been extended to studies of self-diffusion 


in alloys, grain boundaries, surfaces, and 
liquid metals. 


(a) Volume Self-diffusion in Solid Metals and 
Alloys 


An increasing number of investigators 
have been studying the mechanism of self- 
diffusion in metals, and several reviews of 
recent work in this field are available. 26-366) 
The list of metals in which self-diffusion 
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studies have been carried out includes the 

following: 
bismuth, 
copper, (374-878) 
graphite, 384) 


ermanium,'°379) old, (380-383) 
iron, (385-388) Jeg, (359-362, 389-391) 


magnesium,9) 394) silver, (395-402) 
sodium, (403-406) 408) 
tin, 409-41) and zinc, (412-417) 


There has been special interest in self- 
diffusion measurements in alloy systems, 
which include the following: 


naturally-occurring polonium in 
Jead in gold-lead and silver-lead, ‘42° 
silver in gold-silver,‘42)) gold in gold-nickel42”) gold 
into copper, 4”: 482) interstitial atoms in AuCu,{424) 
and in Fe,Al,425) cobalt in cobalt-aluminum, ‘#26 
and in nickel-aluminum,'42? 428) silver in silver- 
lead, 429) silver and lead in silver alloys containing 
Pb, Cu, Ge, and Al®9), antimony, indium, tin, and 
cadmium into silver,(4%1, 433, 434) indium and 
antimony into InSb,“ silver in aluminum- 
silver,(48® zinc and copper in brass, tungsten in 
nickel,‘439) carbon in iron,‘44°-445) jron in iron- 
manganese,'446) stainless 
steel,(448) and nickel.(449 


The effect of isotope mass upon diffusion 
has been reported by Jounson‘*°® in the 
course of measurements with stable isotopes 
of nickel diffusing into copper. Diffusion of 
radiosilver into copper was measured. 3?) 

The results of tracer measurements in 
diffusion have been more reliable and repro- 
ducible than those of chemical diffusion, once 
the principles involved in such measurements 
are fully realized. A striking example of the 
advantage of using radiotracers in volume- 
diffusion studies is provided by the measure- 
ments of the diffusion of antimony into silver 
single crystals.439) Previous measurements 
using ordinary antimony gave anomalous 
low values of Dy and Q, namely 0.16  10-° 
cm?/sec and 20 kcal/mole, respectively. By 
using extremely low tracer concentrations, so 
as to avoid the effect of concentration on 
the diffusion coefficient, Lazarus, 
and Tomizuxa‘3%) obtained values of 
D, = 0.29 cm?/sec, and of Q= 39 kcal/ 
mole, which are in accord with calculated 
values. 

For measuring self-diffusion in solid metals 
and alloys, the specimens are prepared in 
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such a way that the boundary conditions 
during diffusion lead to simple solutions of 
the diffusion equation. This may be 
accomplished by means of several procedures: 


(1) Sectioning technique. A thin layer of the 
radioisotope is plated, evaporated, or activated in 
situ onto the polished faces of two diffusion specimens 
which may be welded together to form a sandwich- 
type sample containing the radioactive layer in 
between the two sections. After diffusion, the 
specimen is machined into thin sections perpendicular 
to the direction of diffusion. The relative specific 
activity of each machined section is measured, and 
the results are plotted against the distance of the layer 
from the original interface. From such concentration- 
penetration curves the diffusion coefficients can be 
calculated. 

An alternative approach with the sectioning method 
is to weld together two specimens that have the same 
chemical composition, except that the radioisotope is 
uniformly distributed in only one-half of the sample. 
Again, after diffusion the specimen is cut into thin 
sections perpendicular to the direction of diffusion, 
and from the concentration-penetration curve the 
diffusion coefficient is calculated. 

(2) Surface counting. If the diffusion coefficients are 
too small (<10-" cm?/sec), the sectioning technique 
cannot be used, since the penetration zone does not 
reach a thickness which will make machining of 
sections possible. In such cases, if the radiations are 
not too weak or too strong, it is possible to measure 
the decrease in activity of the surface of a specimen 
on which a thin layer of the radioisotope is deposited. 
STEIGMAN, SHOCKLEY, and Nrx75) have worked out 
the equation relating the fraction F of initial activity 
remaining after diffusion to the diffusion coefficient 
D. The use of this equation requires that the 
measured activity decrease exponentially with 
absorber thickness. Otherwise, the integration should 
be carried out graphically, and a detailed study 
of this method has been made by Ruper and 
BircHENALL 69) to measure the self-diffusion of 
cobalt. There are several sources of error in this 
technique, such as surface contamination by oxi- 
dation, loss of activity by evaporation, and inaccu- 
racies in the measurement of the absorption coeffi- 
cient, especially those caused by scattering effects 
in the sample, as illustrated by BeErKowrrz.'37) 

If the specimens are very thin, the increase in 
activity on the opposite face can be measured after 
long enough diffusion times. Kryukov and 
ZuuKOvITsky °°) have recently applied this method 
to the measurement of the self-diffusion coefficients of 
silver, and their results agree well with those obtained 
by Jonnson using the sectioning technique. They 
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measure the activities, C, and C,, on both faces of 
the specimen, and relate these to the diffusion coeffi- 
cient D. 

(3) Autoradiography. Gatos and Kurtz _ have 
applied this technique for the determination of the 
self-diffusion coefficient of gold at a number of 
temperatures.°82) A sandwich-type specimen was 
used and, with proper choice of the sectioning angle 
across the interface, sufficient resolution was achieved 
to record the entire diffusion-penetration curve in 
one measurement. The exposures varied from 5 min 
to 1 hour, and differences in density between points 
0.04 cm apart could be distinguished by means of a 
microphotometer. This corresponded to diffusion 
distances of 20 microns with a sectioning angle of 
about 3°. Gatos and Kurtz point out that the 
isotope to be used as a tracer with this technique must 
emit beta particles of sufficiently low energy for their 
range to be of an order of magnitude less than the 
diffusion distance. Furthermore, the half-life of the 
tracer must be long enough to obtain adequate 
diffusion distances on the autoradiographs. The 
logarithms of the corrected photographic densities are 
plotted against the squares of the corresponding 
diffusion distances from the interface, and from the 
slope of the resulting straight line the diffusion 
coefficient D can be calculated. SHEwmon 83) and 
KRrvuEGER and Hersu°°) have made further analyses 
of this technique. 


(b) Grain-boundary Diffusion 


There have been several measurements of 
grain-boundary diffusion rates in metals and 
alloys. TurnBuLL“! has reviewed the 
problems connected with grain-boundary 
diffusion, and FisHer‘*?) and Wuippie 
have worked out methods for calculating 
diffusion-penetration curves for grain boun- 
daries. Studies with radiosilver include 
grain-boundary diffusion measurements, by 
autoradiography, into silver by HorrMan 
and TurNBULL, ‘?°%; 454) in dislocation pipes in 
silver by HENprickson and Macu tin, 
and into copper bicrystals having a common 
cubic direction by and Smo.v- 
cHowsk1.'® The penetration of radioiron 
at the grain boundaries of oriented bicrystals 
of a 3% silicon-iron alloy has been followed, 
also by autoradiography, by Haynes and 
SMOLUCHOWSKI. 

A method by which grain-boundary 
self-diffusion is estimated from an analysis 
of diffusion-penetration curves has been 
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employed by TIEDEMA, and 
Burcers"°®) to determine the self-diffusion 
of lead in oriented grain boundaries. They 
conclude that diffusion in the grain boun- 
daries is influenced strongly by the position 
of the dislocation lines with respect to the 
diffusion direction; the rate is much greater 
when these lines are parallel to the diffusion 
direction. Grain-boundary _ self-diffusion 
rates in cadmium and in zinc have been 
measured by Waypa, SHIRN, and HuntTING- 
Ton. 459, 414) "They found that the activation 
energy for grain-boundary diffusion is 7% 
higher for cadmium compared to zinc. 

The study of the grain-boundary diffusion 
of radionickel in copper by Yukawa and 
SrmnnoTT®® has been described thoroughly 
in an article which treats this problem 
quantitatively. Radionickel was used to 
follow its penetration by autoradiography 
into the grain boundaries. The extent of 
grain-boundary diffusion was dependent 
upon the degree of crystallographic misfit, 
with the maximum penetration occurring at 
the point of maximum disorientation. The 
ratio of grain-boundary to lattice-diffusion 
coefficients was of the order of 10* to 10° for 
the temperature range 650°C to 825°C and for 
grain-boundary angles from 10° to 70°. The 
activation energy for grain-boundary diffu- 
sion of nickel into copper decreased with 
increasing boundary angle and varied from 
64.8 kcal per mole for volume diffusion to 38.5 
kcal per mole at maximum misorientation. 
The data for grain-boundary diffusion were 
analysed by use of the equations derived 
recently by WurppLe“*) for concentration 
contours in the neighborhood of a grain 
boundary. 

The autoradiographic technique has been 
used by BoksHTEIN et al.‘*®: 463) in a series of 
experiments on segregation and grain-boun- 
dary diffusion, including the diffusion of tin 
in iron and nickel grain boundaries. 


(c) Surface Diffusion 


The field of surface diffusion has been 
greatly neglected. The reason for this 


inactivity and for the paucity of past work 
on the subject is evidently the great experi- 
mental difficulties associated with surface 
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studies. Autoradiography was used in early 
work on the surface diffusion of polonium on 
platinum by and by 
SCHWARTZ on 

In recent work on surface diffusion, a 
scanning technique has been employed in 
which the activity on the surface of the 
specimens is measured by a G-M counter to 
determine its distribution. Nickerson and 
PARKER used a lead collimator with a 
narrow slit to restrict the length of a silver 
specimen viewed by the counter tube in 
their measurements of the surface self-diffu- 
sion of silver. FRAUENFELDER"®®) made use 
of a similar technique to determine the 
surface diffusion coefficient of copper on 
silver. 

WINEGARD and CHALMERS"®9; 479 investi- 
gated the surface self-diffusion of silver single 
crystals on specific crystallographic surfaces 
of silver single crystals and on polycrystalline 
specimens. A small definite region of the 
specimen surface was electroplated with 
silver containing the radioactive isotope 
Ag!!°, Autoradiographs were taken of the 
initial distribution, and additional auto- 


radiographs gave the distribution after 
various heat treatments. 


(d) Liquid Self-diffusion 

Although von HEvesy and Grou'°®) had 
demonstrated the phenomenon of self-diffu- 
sion in liquid lead in 1920, and shown that 
the diffusion coefficient varies by a factor of 
40,000 in passing through the melting-point, 


surprisingly little work has been done on ~ 


self-diffusion in liquid metals. Other studies 
on the subject are those of Harssinsky and 
and of in mercury, 
Eckert and and CareERI, 
and in indium. 
The latter also measured self-diffusion in 
liquid tin, and showed that the diffusion 
coefficient is not a linear function of 1/7’. 
They derive an expression for the diffusion 
coefficient that fits the data within the error 
of measurement. 

NACHTRIEB and 476) have 
reported measurements of self-diffusion in 
sodium near the melting-point in the solid 
and in the liquid state. The transition from 
the rate of solid-state diffusion to the rate of 
liquid-state diffusion was found to be as 
discontinuous in sodium, as is the melting 
process. 

A redetermination of self-diffusion in 
liquid lead has been carried out recently by 
RotrHMaN and The results agree 
with those of Grou and von HeEveEsy, and 
the heat of activation for self-diffusion is 
found to be close to the corresponding 
activation energy obtained from viscosity 
data. In addition, they measured the 
diffusion of trace amounts of bismuth (RaE) 
in liquid lead. 

The effect of carbon on the self-diffusion 
of iron in liquid iron has been found to be 
appreciable by Linc Yanc, Simnap, and 
Derce.478) The diffusion rate increased 
with carbon content. Morcan and Kir- 
CHENER have measured diffusion of various 
elements in liquid iron.‘47®) 


OXIDATION 


Direct and _ positive confirmation of 
WAGNER’s theory of oxidation has been 
furnished in recent years by several investi- 
gations employing the tracer technique. 
BARDEEN, BRATTAIN, and SHOcKLEY‘48°) 
measured the self-diffusion coefficients of 
copper in CuO during the oxidation of 
copper. A copper specimen was plated with 
a very thin layer of radioactive copper and 
oxidized in air to give a thin oxide layer. 
After cooling, successive layers of the oxide 
were removed by etching with nitric acid, 
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and counted for the copper activity. 
CasTELLAN and Moore"8!) have also studied 
the diffusion of copper in copper oxide. 
GaupIn and Vincent8?) showed that self- 
diffusion is appreciable in minerals. 

MERL, and BrrcHENALL"®*) have 
made systematic measurements of the rates 
of self-diffusion of iron in iron oxides of 
various compositions, using the decrease in 
surface-activity technique. These data were 
used to calculate the rates of oxidation of 
iron and its oxides on the basis of the 
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theoretical rate equations developed by 
WAGNER. 

Radiosilver has been used as an inert 
marker by Davigs, BircHENALL, SIMNAD, and 
SPILNERS iron,8) and 
molybdenum‘8® to observe the marker- 
movement effect in the growth of oxide 
phases on metals in order to establish the 
diffusing components for each phase. The 
radiosilver is applied by wetting a silk thread 
in active silver nitrate solution and touching 
each side of the specimens twice or more, 
leaving parallel wet marks. These are dried 
and the silver nitrate decomposed to silver in 
the preliminary heating of the sample before 
oxidation begins. After oxidation, the speci- 
men is mounted, sectioned perpendicular to 
the flat face, and polished. The polished 
edge is placed in intimate contact with a 
photographic emulsion. After a sufficient 
period of exposure, the emulsion is developed, 
and the separation of the streaks due to the 
active silver on either face of the sample is 
measured. CARTER and RicHARDson $8?) 
used radioplatinum as markers in a study of 
the oxidation of cobalt. They also employed 
radiocobalt in this work to determine the 
cobalt gradient in the oxide layer, and used 
radioiron to measure the self-diffusion of iron 
in iron oxides. 

Diffusion of air in iron and its oxides is 
reported by GraueE,48®) who added emana- 
tions of radioactive noble gases to the air. 
Moore“8®) has written a detailed review of 
the oxidation of metals, with special emphasis 
on the diffusion processes in the oxide layers. 
LinDNER and_ made 
numerous studies of self-diffusion in various 
oxides and spinels. The self-diffusion of 


bromine in silver bromide was studied by 
Morin, Kazaxova, and Lure,” and 


‘compared with the values obtained in 


brominated AgBr. The chemisorption of 
carbon monoxide tagged with C1* on the 
surface of iron catalysts has been followed by 
KuMMER and Emmett.‘%) The adsorption 
rates of CO,, tagged with C4, on nickel single 
crystals has been measured by DiLton and 
FarRNswortuH.?99) A theoretical study of self- 
diffusing and ionic conduction in crystals has 
been made by Katz.®” As regards the types 
of experiments that may be expected to 
advance the understanding of oxidation, 
RICHARDSON and CARTER cogently remark: 

“The most important step now is to 
measure the relationships which exist between 
diffusion coefficients, departures from sto- 
ichiometry, and oxygen pressures for a 
number of oxides over good ranges of 
temperature and composition. Only in this 
way can the kinetic and thermodynamic 
properties of cation vacancies and electron 
holes be worked out and the basic data 
provided for the development of theory. The 
wrong thing to do is to pile up diffusion data 
alone or to work on substances for which it 
is impossible to measure the departures from 
nonstoichiometry by unequivocal chemical 
means.” 
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The Stripping-film Technique of 
Autoradiography 


S. R. PELC 


Medical Research Council, Experimental Radiopathology Research Unit, 
Hammersmith Hospital, London, W.12 


Stripping film either with a permeable base or an impermeable base is used for the prepara- 
tion of autoradiographs (ARG). The procedure for the latter kind of stripping film has been 
adequately described by Boyp and Wii1ams,") and this communication deals entirely with 
permeable-base stripping film as used in this laboratory. Many details of the technique have 
been developed empirically, and in many instances the reasons for adopting a certain pro- 
cedure or discarding another have not been adequately checked. The type of stripping film 
which is now in use was designed in collaboration with tie Research Laboratories of Messrs. 
Kodak Ltd.‘ 8) The technique itself has not been changed since its introduction, but much 
detailed work has been done to avoid artifacts and ensure consistent results in applications 
to biological problems. 


La technique des émulsious pelliculables en autoradiographie 


Des émulsions pelliculables en milieu perméable ou imperméable sont utilisées pour préparer 
des autoradiogrammes (ARG). Le deuxiéme procédé convenablement décrit par Boyp et 
Witurams,”) par contre le présent mémoire concerne uniquement les pellicules en milieu 
perméable utilisées dans notre laboratoire. Bien des détails techniques ont été mis au point 
empiriquement et bien souvent les motifs de l’adoption ou du rejet d’un procédé n’ont pas regu 
vérification suffisante. Le type d’émulsion pelliculable que nous utilisons maintenant a été 
établi en collaboration avec les Laboratoires de Recherches de Messrs. Kodak Ltd.':%) La 
technique elle-méme n’a subi aucune modification depuis son introduction, mais beacoup de 
travail de détail a été effectué afin d’éviter les artéfacts et d’assurer des résultats reproductibles 
pour les applications aux problémes biologiques. 


(ARG) CbheMHaA OMYJIbCHA Kak ¢ 
onucana Boiigom u Yuspamcom” B CTaTbe paccCMaTpMBaeTCA 
kK paspadoTKe jleTateii MeTOqa M BO MHOPMX OHM 
BpeMA THM CbeMHOM paspaboTaH COBMeCTHO C 


Die autoradiographische stripping film-Technik 
Abziehfilm wird fir die Herstellung von Autoradiographien entweder mit einem 
durchlassigen oder mit einem undurchlassigen Trager verwendet. Der Vorgang fiir die 
zweitgenannte Art wurde ausfihrlich von Boyp und Wi urAms™) beschrieben und die 
vorliegende Arbeit befasst sich ausschliesslich mit Abziehfilm auf durchlassiger Basis, wie er im 
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hiesigen Laboratorium verwendet wird. Viele Einzelheiten der Technik wurden empirisch 
entwickelt und in vielen Fallen wurden fiir das Einhalten oder Vermeiden gewisser Arbeits- 


gange keine hinreichenden Griinde angegeben. 


Der Abziehfilm, der derzeit verwendet wird, 


wurde in Zussammenarbeit mit den Forschungslaboratorien von Kodak Ltd‘;*) entwickelt. 
Die Technik selbst wurde seit ihrer erstmaligen Anwendung nicht geandert, aber es wurde 
Vieles genau untersucht, um Fehldeutungen zu vermeiden und bei der Anwendung auf 
biologische Probleme gleichmassige Ergebnisse zu erhalten. 


DESIGN OF STRIPPING FILM 


The following factors were considered for 
the design of the stripping film: (1) speed, 
(2) resolving power, (3) freedom from arti- 
facts, (4) ease of handling. These factors 
are to some extent interrelated, and some 
overlap will be unavoidable in the following 
analysis. 

It is the aim of autoradiography to 
localize concentrations of radioactive 
material in a specimen by means of the 
photographic action of the radiations emitted. 
To localize the radioactive material accu- 
rately, the size and shape of the photo- 
graphic image should be as similar as 
possible to that of the pattern of labelled 
compounds, i.e. the resolving power should 
be as high as possible. It is necessary to 


observe very low concentrations of radio- 
active materials, and therefore the speed 
(the blackening for a given exposure) should 
be as high as possible. 


(1) Speed 

The requirements depend to some extent 
on the application. High blackening will be 
desirable if a resolving power of the order 
of 20-50 microns is sufficient, and the auto- 
radiograph is to be viewed without, or 
with very low, magnifications. For this 
purpose the use of experimental stripping 
film for autoradiography (X-ray emulsion) 
is recommended. With better resolving 
power, when high magnifications are used, 
the number of developed photographic 
grains rather than the total blackening 
will be of importance. Optimal results 
could be expected if use is made of a photo- 
graphic emulsion with grains which can be 
resolved by medium-power lenses but are 
not so large that detail in the specimen is 
obscured. Autoradiograph and specimen 
should be superimposed if the resolving 


power of an autoradiographic technique is 
to be utilized. It is, of course, technically 
possible to realign a preparation if film and 
specimen have to be separated for processing, 
but a technique which allows permanent 
contact is preferable, because the difficulties 
involved are avoided. Calculations showed? 
that a resolving power of 2 u might be 
achieved, and an emulsion with grains of 
approximately 0-2 ~ diameter was chosen. 
Since the average cross-section of such 
grains is of the order of 0-05 uw? and 30 
developed grains over an area of 100 u? 
would absorb only 3% of the incident light, 
it is unlikely that any detail would be 
obscured by an autoradiograph which is 
easily observable. Experience has shown 
that 10 grains per 100 w? and, under the 
best conditions, less than that, are sufficient. 

The number of developed grains per 
incident f particle which can be taken as a 
useful measure of speed has been determined 
by Lamertron and Harriss,“ using per- 
pendicular incidence, and by Cormackx,'? 
using diffuse incidence of the f/ particles, 
the latter arrangement being nearer to the 
actual conditions of autoradiography. For 
preliminary calculations and estimates of 
tracer in a specimen it is advisable to use 
CorMACK’s values of 0-78 + 0-10, 1-8 + 0-2, 
1-6 + 0-3 grains per f particle for *P, 1311, 
and °°Fe respectively. 


(2) Resolving Power 

The design of the first autoradiographic 
stripping emulsion (Kodak Ltd.) was based 
on calculations of resolving power, assuming 
that in the specimen a rod of radioactive 
material was suspended at right angles to 
its surface (Fig. 1). The assumption of a 
rod-like source of zero diameter seemed 
preferable to a point source, because in this 
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Emulsion 


Fic. 1. Schematic representation of source 
and emulsion in autoradiography. 


way an average figure for small sources 
situated at various depths in the specimen 
was gained. If the inverse square law is 
valid, then the intensity of radiation at P 
due to an element dQ in the source will be 


dr. 


dn = 


(1) 


Integration over the thickness of emulsion 
and film gives the relative number of grains 
at a distance from the perpendicular, since 
for moderate densities the number of 
developed grains can be taken to be pro- 
portional to the number of ionizing particles 
crossing the respective section of the film. 
Evaluation of this double-integral of function 


20 


10 


Fic. 2. Resolving power computed from equation (1). 
Abscissae: Z (Fig. 1) in w. Ordinate: number of 
grains as percentage of the maximum. Full line: 
yu. Broken line: d= 2 p, 
a=2yu",6=0-1y. (Courtesy, Pergamon Press.) 


1) gives curves as shown in Fig. 2, the 
half-width of which was taken as a measure 
of the resolving power. ‘The theoretical 
results agree well with observations on small 
sources and low exposures (cf. Pextc'® and 
Stevens‘?)), Resolving powers obtained 
using or are approximately 1 
better than with *P. 

These calculations were later extended to 
cylindrical sources by NADLER.‘®) LAMERTON 
and Harriss“) proposed that the resolution 
should be defined as ‘“‘the distance d, if the 
images of two uniformly active cylindrical 
sources of diameter d can just be resolved 
when the centres are separated by a distance 
2d,” and calculated resolving powers for 
such an arrangement. The differences 
in the calculated values as published by 
these various authors cannot be regarded 
as significant if the other factors influencing 
their practical application are taken into 
account. LAMERTON and Harriss also came 
to important conclusions regarding the 
influence on resolving power of adjacent 
sources in the same specimen. 


(3) Freedom from Artifacts 


The danger of producing artifacts is 
mainly due to the close contact which is 
necessary to obtain good resolving power. 
We have observed sensitization as well as 
desensitization of stripping film, probably 
caused by substances which diffuse from 
the specimen into the photographic emul- 
sion. If the recommended fixatives are 
used, autoradiographs free from artifacts 
are obtained; if other fixatives are prefer- 
able, unlabelled controls are especially 
necessary. Dipping slides into celloidin 
before coating with the film prevents inter- 
action in most instances. It was found that 
spurious images are confined to a thin layer 
of the photographic emulsion (Fig. 3) and 
can be recognized under high power by the 
absence of the short electron tracks which 
are always found in genuine autoradiographs. 

Small granules, such as pigments, in the 
tissues might be mistaken for photographic 
grains, but are usually different in size and 
general appearance. The danger of mistakes 
in scoring is almost negligible, but a high 
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(b) 


Fic. 3. Grain density at different depths of stripping film. (a) Top layer, which has been in contact with an 

unlabelled portion of an unfixed biological specimen. Note the relatively high density of single grains. (b) Same 

field as (a), but focused approximately 2 4 below the surface. (c) Approximately 2 4 below the surface 

above a C-labelled portion of the same specimen. Note the frequency of double-grains and short tracks. 
x 1000. 


(b) 


Fic. 4. Uptake of [8-!C]-adenine in salivary-gland chromosomes of Drosophila melanogaster. (a) Phase contrast 

showing chromosomes and cytoplasm. (b) Same field as (a), no phase, showing autoradiogaph. Note 

the uneven distribution of C in the chromosomes. (c) Similar preparation after staining with haematoxylin. 
Note the localization in some of the sectors. > 250. 
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Fic. 5. [8-!4C]-adenine in mouse sperm in the epi- 
didymis 32 days after injection. Haematoxylin and 
eosin. 500. 


Fic. 6. Incorporation of labelled sulphate (Na,*°SO,) 

in the trachea of a mouse. Carminic acid. Note that 

the heavy autoradiograph over the cartilage obliterates 

the stained cells. The exposure is correct for the connective 
tissue and the epithelium. » 500. 


Pe Fic. 8. Incorporation of labelled sulphate (Na,°°SO,) 


- a after 2 hours in the large intestine of a mouse. Toluidine 


blue. The poor quality of the photomicrograph is due to 
the complicated optical interrelation of stained gelatine 
with metachromatic and normal stain. x 250. 


Fic. 7. Nuclear uptake of [8-C]-adenine in bone- 
marrow cells grown in vitro. Leishmann-Giemsa. 
(Courtesy, Dr. L. G. LayrHa.) x 2000. 
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concentration of such granules can easily 
obscure an autoradiograph. 


(4) Handling 

With some practice it is possible to set up 
fifty autoradiographs per hour. Photo- 
graphic processing can easily be done at the 
same rate. Slipping of the film, blisters, 
and similar failures are very rare indeed if 
the correct procedure is followed. The most 
frequent cause of slipping of the film was 
found to be unsuitable coating of the slides 
with egg albumen and insufficient difference 
in the temperatures of the distilled water 
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used for floating out the film and the 
solutions used afterwards (Appendix I). 
At a temperature of 23°C the film will 
expand considerably in three dimensions; 
during the subsequent drying it will shrink 
again, but cannot slide along the surface 
and will therefore get thinner. If it should 
swell more during photographic processing 
or staining than during floating out, it will 
shift or come off altogether. 

Great care and cleanliness are needed to 
prevent dust and precipitates from adhering 
to the film; the emulsion is also very sensitive 
to scratching. 


OBSERVATION OF AUTORADIOGRAPHS 


Either unstained or stained preparations 
can be used, the choice depending on the 
circumstances. 

With a suitable phase-contrast micro- 
scope, unstained preparations can be ob- 
served in such a way that the specimen is 
first viewed by phase, then the annulus in 
front of the condenser is removed and the 
autoradiograph above becomes visible. In 
this way relatively small quantitative dif- 
ferences in the autoradiograph are much 
more easily noticed than in stained prepara- 
tions (Fig. 4). When accurate localization is 
desired, stained preparations are preferable. 

Staining before applying the film results 
in more brilliant staining, since uptake of 
dye by the gelatine, which reduces the 
colour contrast, is prevented. The dis- 
advantages are the possibility of destaining 
during photographic processing, and shifting 
or removal of the tracer by the solutions 


used. Destaining can frequently be pre- 
vented by choosing a developer working at 
a different pH, using 15% sodium thio- 
sulphate instead of the usual acid fixer, 
or by coating the specimen with celloidin 
before applying the film. The danger of 
interference with the location of the tracer 
is very grave, and for this reason the staining 
techniques which can be used after photo- 
graphic processing are to be preferred. 
Since the film acts to some extent as a 
barrier, and batches of stain differ from 
each other, the times given in Appendix II 
may have to be varied. 
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APPENDIX I 


A. Preparation of Specimen 

(a) Sections. These are prepared in the usual way, 
except that after fixation in some fixatives, unwanted 
artifacts can be produced (fogging of emulsion, 
desensitization of emulsion, etc.). Absolute alcohol, 
alcohol-acetic, and formol saline were found abso- 
lutely satisfactory; other fixatives can be used with 
coating of celloidin or in connection with suitable 
control experiments. Small sections should be 
mounted on slides which have previously been 
dipped in an aqueous solution of 0-5% gelatine and 
0-1% chrome alum or coated with egg albumen 


and then been allowed to dry for at least 2 days 
(subbing). This ensures good adherence of film to 
glass. It is not absolutely necessary for larger 
sections. Dewax with xylene, followed by alcohol. 
Wash for at least 1 hour. Keep slides in distilled 
water. 

(b) Smears and squashes. These can be prepared in 
the usual way. The previous remarks regarding 


fixation or subbing apply. 


B. Preparation of Autoradiographs 
Special stripping plates for autoradiography can 
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be obtained from Messrs. Kodak Ltd., Medical 
Sales Department, Harrow-Wealdstone, Middlesex, 
England. The film can be handled in the dark 
room with a safelight, Wratten-series No. 1. 

(1) Cut with a sharp knife or razor-blade through 
the film along the four sides of the plate, at about }-in. 
distance. Cut through the film to obtain strips 
about 14 in. wide and about 2 in. long. 

(2) Lift one corner of one of the strips with a knife 
and strip the film slowly from the glass. (Fast 
stripping produces flashes of light, causing fog.) 
Stripping may be difficult in warm and humid dark- 
rooms; dry plates in a desiccator. 

(3) The stripped film consists of a layer of pure 
gelatine 10 w thick and a layer of nuclear track 
emulsion 4 4 thick, the pure gelatine facing the glass. 
Float the film on distilled water (23—-25°C) in a clean 
dish in such a way that the emulsion faces downwards. 
It is advisable to use a dish which is never used for 
developing or fixing, because traces of chemicals 
will have the time of exposure to act on the film. 
Change the distilled water once the full light has 
been switched on. 


Pelc 


(4) The film should be left to soak for about 3 min, 
during which time it will expand considerably. 

(5) Take a slide, specimen upwards, and slip 
into the dish underneath the floating film. Lift the 
section and film together out of the water and dry 
in front of a fan at room temperature (approx. 
5 min). 

(6) Store in slide boxes in absolute darkness, 
preferably at a temperature of +4°C. Some slide 
boxes are unsuitable because vapours escaping from 
materials cause fogging. 

(7) Develop for 5-20 min in D.19b developer, 
rinse in distilled water. Fix in dilute fixer till clear 
(about 6 min) and then for half the time again. 
If precipitates form on the film, it is advisable to 
make up all solutions from Analar chemicals, using 
distilled water. Temperature of solutions should be 
17-5-18°C, not higher. 

(8) Wash for } hour to | hour; if the tap-water 
is not clean, wash in distilled water. Absolute 
cleanliness is essential to avoid artifacts and dirt, 
all traces of which appear very prominently under 
high magnification. 


APPENDIX II 


Staining of Stripping-Film Autoradiographs 

Batches of stain can differ considerably, and the 
times given here may have to be adjusted. Stains 
should be filtered to prevent precipitates and 
impurities from adhering to the wet film. The 
temperature of all solutions should be below 18°C. 

Method 1—Celestine blue and haemalum. Soak ARG 
30 min in water, if dry. Place in celestine blue for 
5 min, then in Mayer’s haemalum for 5 min. 
Differentiate in 0-2°4 HCl in water for 15-60 sec or 
more until nuclei are stained but gelatine minimally 
so. Blue in running tap-water for at least 30 min. 
Dry in air, mount in a liberal quantity of euparal, 
or mount in glycerine jelly straight from running 
tap-water. 

Method 2—Neutral red and carbol fuchsin. Stain the 
ARG for 20 min in a coplin jar at 60°C in a mixture 
of neutral-red and carbol fuchsin (30 ml of 2% 
aqueous neutral red, 10 ml ZreHL-NEELson’s carbol 
fuchsin). Wash 5 min in running water. 

Method 3—Ehrlich’s haematoxylin and eosin (Fig. 5). 
Soak ARG 30 min in water, ifdry. Stain in EHRLICH’s 
haemalum 30 min. Differentiate in 0:2% aqueous 
HC! 30-60 sec. Blue in running tap-water for at 
least 30 min. Stain 3-5 min in 1°% eosin. Wash till 
film has lost most of its eosin. Dry in air and mount 
in euparal. 

Method 4—Carmalum (Fig. 6). Preparation of stain— 
Carminic acid should be obtained from Merck 
(Darmstadt) or Griibler. Griibler’s is considered 


best. Dissolve 10 g potassium alum in 200 c.c. warm 
distilled water. Add 1 g carminic acid, filter, add 
1 cc. formol. 

Method—Wash in running water, if dry. Prepara- 
tions must not be alkaline. Stain 20-30 min, wash 
2-3 min. Differentiate in 0-5-1% alum. After 
thorough drying, can be mounted directly with 
Canada balsam or euparal. 

Method 5—Leishmann-Giemsa (Fig. 7). Wash ARG 
2 hours in running water and soak in water at pH 
6-8. Dry. Stain 60-70 min. Stain can be kept as a 
stock solution of | part Leishmann, 3 parts Giemsa, 
and diluted with 12 parts water at pH 6-8 just before 
use. Wash 1-3 min running water, or longer if 
fainter stain is required. Dry and mount. 

Method 6—Toluidine Blue (Fig. 8). After washing, 
stain for 3-1 min in 0-5°% aqueous toluidine blue; 
rinse. The film can be destained by short immersion 
in acetic alcohol. Dry in air and mount in euparal. 

Method 7—Methyl green and pyronin. After washing, 
stain for 30 min in methyl green-pyronin, rinse in 
distilled water, dry quickly in air and mount in 
euparal. 


Formula for Chrom-Gelatine Mountant (permanent 
mounts for phase-contrast). 
Aq. dist. 
Glycerine 
Gelatine 
Chrom alum 
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Store in refrigerator. Warm to approx. 50°C (until down gently and let cool. The slide can be used 
melted) before use. without oil immediately, with oil immersion 1-2 days 
Put one or two drops on moist slide, press coverslip _ later. 
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The method is given for preparation of a thin radioactive wedge for quantitative measure- 
ments of the distribution of soft-emission radioactive isotopes C! and S* in histological 
sections. The measurements are based on photoemulsion blackening. 

The measurement range covers about a tenfold change in the section radioactivity. To 
increase the range of measured activities a multistep weakening device made of 20- cellophane 
liners is used. This allows measurement of the section activity in the whole photographic 
range of the emulsion used. 


Autoradiographie quantitative a l’aide d’une plaque radioactive 


On donne une méthode de préparation d’une fine plaque radioactive pour la mesure 
quantitative de la distribution des isotopes radioactifs 4 rayonnement mou C! et S* dans les 
coupes histologiques. Les mesures sont fondées sur le noircissement de 1|’émulsion 
photographique. 

Le domaine de mesure couvre une variation d’environ un facteur dix de la radioactivité de la 
coupe. On augmente le domain d’activités grace a un dispositif d’affaiblissement multiple 
composé de couches de cellophane de 20 ~. On mesure ainsi l’activité de la coupe dans tout 
le domaine permis par |’émulsion photographique. 


C 

M30TONOB C MATKUM S35 B TKaHeBBIX 
cpesax. 

PagMoakTHBHaA WMpOTa OXBAThIBAeT U3MeHeEHHe 
20u. OTO BO3MO7KHOCTh U3MePATb AKTHBHOCTb Cpe30B B BCei 
IIpHMeHAeMOM IMYJIbCHH. 


Quantitative Autoradiographie unter Verwendung eines “radioaktiven Keils”’ 


Es wird eine Herstellungsmethode fiir einen diinnen radioaktiven Keil angegeben, wie er 
fiir die quantitative Messung der Verteilung von weichen 8-Strahlern, zB. C!4 und S*, in 
histologischen Praparaten, verwendet werden kann. Die Messungen beruhen auf der 
Schwarzung von photographischen Platten. 

Der Messbereich umfasst Aenderungen der Praparataktivitat um den Faktor 10. Um den 
Bereich der messbaren Aktivitat zu erhéhen, wird eine schrittweise Absorbtion mittels 
Cellophanfolien von 20 Mikron Dicke angewendet. Diese Anordnung gestattet die Messung 
von Praparataktivitaten tiber den ganzen Empfindlichkeitsbereich des jeweiligen Photo- 
materials. . 

178 


Quantitative autoradiography using a radioactive wedge 179 


Electric counters are not satisfactory for 
making quantitative measurements of the 
distribution of radioactive indicators in 
biological objects containing small amounts 
of substance, for instance in histological 
sections, because by means of an electric 
counter it is possible to measure the mean 
activity only over a comparatively large 
area of the section. 

Combining the autoradiography  tech- 
nique with the use of an electric counter 
makes it possible in a number of cases to 
carry out such measurements. 

This is done by means of photometric 
comparison of photoemulsion blackening 
caused by the object under investigation 
with blackening from calibration sources of 
known activity when the same emulsion is 
simultaneously exposed to the calibration 
sources and to the object. 

However, for layers of different thickness 
it is difficult to carry out a quantitative 
comparison of the radiation intensity on 
account of backscattering effects and self- 
absorption of the beta radiation in cali- 
bration sources and in objects being studied. ‘?) 
Such measuiements will be correct only if 


the layers compared are of the same micro- 
scopical thickness. Thus, calibration sections 
of a known activity must also be micro- 
scopically thin. 

These requirements are difficult to fulfil 
with isotopes emitting soft rays, such as C1, 
S*, Ca*, etc., used as radioactive indicators. 
Such difficulties were noted in 1949 
by Duptey,” who experimented with 

Some investigators’) do not take the full 
significance of these factors into account and 
determine in fact the distribution of radio- 
activity at the surface of objects they are 
studying. 

For investigations of histological sections, 
gelatin is the best calibration-source material. 
It gives an even distribution of aqueous 
solutions of the isotopes mentioned. One 
may also be quite certain of the homo- 
geneity of the dry-gelatin layer obtained. 

In view of the difficulties in preparing 
gelatin layers of uniform thickness and 
different radioactive-isotope content, we 
used layers of variable thickness prepared by 
means of the Goldberg technique for making 
wedges for photometric measurements. 


PREPARATION OF RADIOACTIVE GELATIN WEDGES 


S*5, in the form of Na,SO,, was added to 
a 12% gelatin solution. An aqueous solution 
of radioactive starch or glucose was used for 
introducing Cl, Prior to its use, the 
solution was kept in a thermostatic bath for 
10 to 12 hours at a temperature of +40°C. 

The wedge was prepared by introducing 
the solution into the interspace between 
two polished plane-parallel glass plates 
located at an angle to each other (Fig. 1). 

Plate D, somewhat larger in size, was 
put into an albumin solution _ before 
assembly;* the excess was allowed to drain 
off and the plate was dried at room 
temperature. 

The filling of interspace between the glass 
plates was carried out on a metal slab 


A 


A 


D 


A 


Fic. 1. Device for preparing gelatin wedges. 
A and D—plane-parallel glass plates 
B—rest 
£—insert for forming the wedge angle 


maintained at 40°C by means of a heated 
pipette. If the glass plates are thoroughly 
degreased, the interspace can be filled easily 


* The albumin was prepared as follows: the white of a fresh egg was mixed with a fivefold volume of distilled water, 
and after the addition of 0-1% of thymol or 0-25% of phenol, the solution was kept for half an hour in a water bath at a 
temperature of 100°. It was then filtered through cotton. In such a liquid the albumin remains in an irreversible colloid 
state and does not coagulate with prolonged heating. When dried, it makes a water insoluble layer. 
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and completely owing to capillary action, 
without formation of air bubbles. 

After the introduction of the gelatin, the 
glass plates were transferred to another 
cold-metal slab. The gelatin layer co- 
agulated in 20 to 30min, and since the 
adherence of gelatin to glass is stronger 
than its adherence to albumin, it remains on 
plate A after plate D is removed. The 
wedge-shaped layer of gelatin gel was 


allowed to dry at room temperature. Since 
in drying the gelatin-layer, thickness de- 
creases approximately twelve-fold, the ob- 
tained dry layer becomes very thin and the 
wedge angle so small that the glass plate and 
the wedge may be considered to be practi- 
cally a plain-parallel system. 

For C' and S* the dimensions of glass 
plates were 2 x 30 x 120 mm, and the insert 
between the glasses E was 0-25 mm high. 


RADIOACTIVE CHARACTERISTICS OF THE WEDGE 


Measurements of the radioactivity level 
along the wedge were made by means of an 
end-window counter with a lead cap and 
a 5-mm slit in this cap. The radioactive 
characteristics of a wedge containing Cl# 
are given in Fig. 2. The X axis is given in 
units of length (millimetres) and the Y axis 
in counts per minute. 

The curve shows that the radioactivity 
increase along a considerable part of the 
wedge is a linear function of the gelatin-layer 
thickness. 

For the linear part of the curve the radio- 
activity distribution along the wedge may be 
expressed by 

R+ Ki+ Ry (1) 


400 


Counts/min 


1234567 89 10 
cm 


Fic. 2. Radioactive characteristics of a wedge 
containing the isotope S*, 


where K is the wedge constant, numerically 
equal to the increase in radioactivity per 
unit length and dependent on the con- 
centration of the isotope and the energy 
level of its radiation; / is the distance from 
the edge of the wedge in centimetres; Ry 
is the initial activity which depends on the 
specific activity of the gelatin solution. 

The range of changes in radioactivity 
covered by the linear part of the charac- 
teristics is approximately 1 : 7. Beyond the 
inflexion point the linear characteristic is 
no longer observed. It can be accounted 
for by the effect of self-absorption becoming 
evident at a certain thickness of the layer 
value. For C! and S* isotopes this value is 
approximately 8 microns. Extended further, 
the curve approaches a straight line parallel 
to the X axis with a constant radioactivity 
value which is independent of the gelatin- 
layer thickness and corresponds to a layer 
of infinite thickness. 

With a correction for the self-absorption 
of the radiation, the range of the wedge some- 
what increases and comprises about | : 10. 

Assuming that the difference of radiation- 
absorption conditions in histological sections 
is not too great, it may be said that absolute 
values of localized C™ or S* in sections 
about 8 microns thick can be determined by 
means of a radioactive gelatin wedge used 
as a control standard. 


STEP-TYPE RADIOACTIVE WEDGE 


The radioactive range of the wedge de- 
scribed, with a correction introduced for 
self-absorption, can cover approximately a 


tenfold change of radioactivity in the 
histological section. It can be increased by 
using several gelatin wedges prepared with 
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solutions of different specific activity, but it 
can be achieved also by another method. 

The decrease of beta radioactivity by 
sufficiently thin absorption layers of equal 
thickness follows the exponential law 

(2) 
where R, is the initial activity, R the activity 
upon passing through a layer of a substance, 
x the thickness of the absorbing layer of this 
substance, yu the absorption ratio, and / the 
Napierian logarithms base. Deviations from 
this law occur only in cases of very weak 
activity. 

The curves of Fig. 3 show the decreasing 
of activity by means of 20-micron cellophane 
liners and of paraffin-paper liners of the 
same thickness for a sample containing S*. 
A marked deviation from theoretical values 
can be seen only after six or seven liners 
have been added; this corresponds to 
approximately seven-fold thickness of the 
half-value layer, i.e. the deviation begins 
when activity has decreased to about 2-3°% 
of the initial value. This allows the original 
radioactive characteristics of the wedge to 
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Fic. 3. Decrease in activity of a source containing 
$35 as a function of the number of liners between the 
source and an end-window counter. 

Curve 1—decreased by means of paraffin paper 

Curve 2—decreased by means of cellophane 
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Fic. 4. Decrease in the activity of a wedge. 
Curve a—initial radioactive characteristics 
Curve b—characteristics decreased by one liner 


decrease, by using a number of liners, and 
thus increasing the range of the radioactive 
characteristics curve. 

Fig. 4 shows the decrease of the initial 
characteristic value when one cellophane 
liner approximately 20 yw thick is used. As 
can be seen, the radioactivity decreases 
proportionally at all points of the wedge. 
The ratio of the initial activity value to the 
decreased value at any point is the liner 
decrease factor 


Ra, . Ra, Ra, 
Rb, + Rb, ~ Rb, ete. ... = Py. (3) 
In case of S** P, = 2-13, and for the 
paraffin paper P, = 1-47. 
The following relation may be used for 
calculating the decreased activities obtained 
by means of several liners in place of one: 


(4) 


R, is the initial value of the activity, P the 
decrease factor for a single cellophane liner, 
and n the number of liners. 

Figs. 5 and 6 show an assembled step-type 
radioactive wedge and its autoradiographic 
image. 
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MEASUREMENTS OF RADIOACTIVITY OF THIN GELATIN 
LAYERS WITH A STEP-TYPE RADIOACTIVE WEDGE 


In order to check the method described, 
measurements were made of the radioactivity 
of three gelatin layers approximately 5 
microns thick and containing S*°. The scale 
of activities decreased in succession by 
means of three liners was calculated from 
the initial radioactivity characteristics 
measured with an end-window counter. 
The calculations were made using equation 
(4). 
The autoradiographic-image blackening 
of the gelatin layers and the step-type wedge 
was measured with a microphotometer, 
and the results were given in readings of a 
galvanometer measuring the photocurrent. 

The data obtained are compiled in Table 
1. The left side of the table contains 
wedge-radioactivity data. These comprise 
experimental values for measurements made 
with an end-window counter, and calculated 
values for one, two, and three liners inserted 
at an equal distance from the wedge edge. 

The right side of the table contains data 
for blackening measurements. This part of 
the table needs to be explained. 

Comparison of the blackening caused by 
each of the four steps shows that smooth 
transition from one step to another occurs at 
points of equal blackening seen at the end 


of the first step and the beginning of the 
second, and at the end of the second step 
and the beginning of the third. 

A continuous autoradiograph with a 
smooth change of blackening from maximum 
to a minimum value can be obtained if 
R, 


A B 
Fic. 7. The transition in degrees of blackening from 


one step to another. 
Points B and C are points of equal blackening. 


these steps are combined in succession at 
points of equal blackening, as shown in Fig. 
7. The blackening values superimposed at 
the end of one and at the beginning of the 
following step can be thus discarded, giving 
a continuous blackening curve. 

Fig. 8 shows the combined blackening 
curve produced by the four-step wedge. 
The ordinates represent the radioactivity 
in counts per minute and the abscissae the 
respective blackening expressed in micro- 
photometer galvanometer readings. The 
region AB gives full radioactivity values, 
whereas in regions BC, CD, and DE the 
activity has been decreased by one, two, 


TABLE 


Counts per minute 
Distance in 


centimetres. 
Number of liners 


Degree of blackening in galvano- 
Distance in meter readings 


centimetres 


Decrease ratio 


| 
| 


182 
956/5 
| | 
0 | 0 | | 0 | | 
jl | 546 | 256 121 | 56-9 I 13 | 41 | 73 | 95 
2 | 492 | 231 109 | 51-4 2 16-5 | 46 | 75 | 100 
3 4200 | 197 | 93 | 438 | 3 | 
. 4 368 172 | 84-7) 38-4 | 4 265 | 58-5 | 86 | ca 
5 316 148 | 702) 329 | 5 | 325 | oo | of | — 
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Fic. 5. Assembly diagram for a step-type wedge. 
a—side view 
b—plan view 
1, 2, 3—numbers of liners 


facing page 182 
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and three liners respectively. The rectangles 
in the upper part of this figure represent 
gelatin layers containing S*. They were 
exposed together with the wedge on the 
same X-ray film. The number at the top 
of each rectangle gives the radiation intensity 
in counts per minute measured with a 
counter, and at the foot are shown blacken- 
ings caused by these activities and expressed 
in readings of a microphotometer galvano- 
meter. 

Experimental data are given in Table 1. 

From points 1, 2, and 3 of the blackening 
curve it can be seen how close are the 
gelatin-layer radioactivity values, obtained 
by means of blackening and using the curve, 
to values obtained with a counter. 

In applying this technique, the initial 
radioactive characteristics of the wedge 
should be expressed in microcuries per 
milligram of gelatin. 
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Fic. 8. Combined blackening curve for a three-step 
radioactive wedge. 


CONCLUSIONS 


1. Absolute quantitative measurements of 
the radioactivity distribution in approxi- 
mately 8-micron-thick gelatin layers con- 
taining Cl, S*, or other emitters can be 
made on the basis of photoemulsion black- 
ening by using a gelatin wedge containing 
the same isotope. The measurement range 
covers about a ten-fold change in the 
radioactivity. 

2. The radioactive-measurement range 
of a gelatin wedge can be increased by 


multi-step decreasing of its initial character- 
istics, using liners of an equal thickness. 
The measurements limits are determined 
by the photographic range of the emulsion 
used. 

3. The technique described can be em- 
ployed for quantitative investigations of the 
distribution of radioactive indicators in 
histological sections if the tissue does not 
efficiently differ from gelatin in structure 
and chemical composition. 
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Autoradiography by Neutron Activation: 
The Cellular Distribution of Boron-1o in the 
Transplanted Mouse Brain Tumour 
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The nuclear reaction: 
+ gn! [,BY] — ,Li? + + 2:79 meV 
has found application in the currently developing neutron-capture therapy of malignant 
brain tumours. Effective dosage and calculations of relative biological effectiveness of the 
released particles depend upon the site of the reaction in the tissue. 

A method has been developed which utilizes the reaction shown above to produce an 
autoradiogram of tissue boron-10 during thermal neutron irradiation. The boron alpha 
particles and the recoil lithium nuclei produced in the instantaneous disintegration of boron-11 
are detected at the time of the reaction by nuclear track emulsion. 

The two variables in the equation which are subject to manipulation are neutron exposure, 
(f x t), and tissue boron-10 concentration, [B]. Neutron exposure is limited only by back- 
ground fogging and track formation. Background tracks consist almost entirely of proton 
tracks which result from the reaction: 

The nitrogen in this situation resides largely in the gelatin matrix of the emulsion itself. 
Measures which reduce proton interference and other background fogging, which results 
from thermal neutron irradiation of nuclear emulsion plates, are described. The use of 
boron-10-enriched borax increases the tissue concentration of the effective isotope to five times 
that obtained with naturally occurring borax. 

Indirect autoradiographic localization of boron-10, utilizing the neutron-capture reaction, 
reveals a striking concentration of the isotope in the subcutaneously transplanted mouse 
brain tumour in contrast to the low uptake of boron-10 by the brain. There is a substantial 
accumulation of the isotope in the cytoplasm and nuclei of the tumour cells. 


Autoradiographie avec activation par les neutrons: distribution cellulaire du 
bore-10 dans la transplantation de la tumeur du cerveau de souris 


La réaction nucléaire 
+ gn! [,BU] — ,Li’ + + 2,79 meV. 
trouve son application dans la thérapeutique en plein développement des tumeurs malignes 
du cerveau par capture de neutrons. Le dosage et le calcul effectif de l’efficacité biologique 
relative des particules libérées dépend du lieu de la réaction dans le tissu. 
On a mis au point une méthode utilisant lar éaction ci-dessus pour un autoradiogramme 
du bore-10 du tissu durant l’irradiation par des neutrons thermiques. Les particules du bore 
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Autoradiography by neutron activation: the cellular distribution of boron-10 in the transplanted mouse brain tumour 


et les noyaux de recul de lithium produits dans la désintégration immédiate du bore-11 sont 
instantanément détectés par |’émulsion de la trajectoire nucléaire. 

Les deux variables de |’équation sur lesquelles on peut agir sont la dose de neutrons, (f x ¢), 
et la concentration de bore-10 dans le tissu, [B]. La dose de neutrons est limitée seulement 
par le brouillage et la formation de trajectoires du fond continu. Les trajectoires du fond 
continu sont constituées presque entiérement de traces de protons formés dans la réaction: 

+ gn! + [,N18] > pt + 

Cet azote se trouve pour beaucoup dans la matrice de gélatine de ]’émulsion elle-méme. 
On décrit des mesures qui réduisent l’interférence des protons et d’autres brouillages par le fond 
continu dus a l’irradiation des plaques de |’émulsion nucléaire par les neutrons thermiques. 
En utilisant du borax enrichi en bore-10, on accroit d’un facteur 5 la concentration dans 
le tissu de l’isotope efficace par rapport a ce qu’on obtient avec du borax naturel. 

La localisation autoradiographique indirecte du bore-10, par l’utilisation de la réaction de 
capture des neutrons, révéle une trés forte concentration de l’isotope dans la transplantation 
sous-cutanée de la tumeur du cerveau de souris, contrairement a la faible teneur en bore-10 
dans le cerveau. II y a une accumulation substantielle de l’isotope dans le cytoplasme et 
les noyaux des cellules de la tumeur. 


C AKTHBAMM HeiiTpoHaMM: Oopa-10 B 
MOSroBOl OMyXOJM y 


peakyua 
5B + = [5B"] 3Li’ 204—— 2,79 
M9B B B HaCTOAWIee BPpeMA HeliTpoHHOi Tepanun 
B TKaHH. 

yacTHYb Oopbl H OOpasylouMecA MrHOBeHHOM pacmaye Oopa-11, 
BO BPeMA PeaKIMM C NOMOLMbIO AepHoi 

J[ByMA TlepeMeHHBIMM ypaBHeHHA, KOTOPble MO*KHO BapbupOBaTb, ABJIAIOTCA BpeMA 
TOJIbKO M TpekoB. DoHOBEIe TPeKH B OCHOBHOM MpoTOHaMH, 

A30T B OCHOBHOM B OnucaHbl cnocoObl yMeHbIleHuA 
MOTOMIACTHHOK TeMJOBLIMM HeliTpoHaMnH. 

IIpumensa Oypy, Oopom-10, opPeKTUB- 
Horo B TKaHM B 5 C Oypoit. 

HOB, OOHAPY*KUBaeT M30TONA MOAKOMHOM MepecajKe 
MOSrOBOl ONYXOJM B HU3KOMY Oopa-10 camoit 
TKAHbW Mosra. 

U30TOMA B WUTOMIAIMe B OMyXOeBEIX 


KuleTOR, 


Autoradiographie mit Hilfe von Neutronenaktivierung 


Die Verteilung von Bor-10 in den Zellen von transplantiertem Gehirntumoren bei Mausen. 
Die Kernreaktion 


+ gn! > > gL i? + + 2.79 meV 


hat in der fortschreitenden Entwicklung der Neutroneneinfang-Therapie von bésartigen 
Gehirntumoren Anwendung gefunden. Die effektive Dosis und Berechnungen der relativen 
biologischen Wirksamkeit der ausgesandten Partikel hangen davon ab, wo die Reaktion im 


Organismus stattfindet. 
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Es wurde eine Methode entwickelt, die die oben genannte Reaktion dazu verwendet, um 
durch Bestrahlung von Bor-10-haltigem Gewebe mit thermischen Neutronen ein Radiogramm 
zu erzeugen. Die Bor-«-Teilchen und Riickstoss-Lithium-Atome, die beim spontanen Zerfall 
des Bor-11 entstehen, werden im Moment ihres Entstehens von der teilchenempfindlichen 
Emulsion registriert. 

Die beiden Variablen der Gleichung, die variiert werden kénnen, sind die Neutronen- 
exposition (f.f) und die Bor-10-Konzentration des Gewebes (B). Die Neutronenexposition 
wird nur durch den, auf der photographischen Platte entstehenden, Hintergrund aus Schleier 
und Bahnen begrenzt. Hintergrundbahnen sind zum Grossteil Protonenbahnen, die auf 
Grund der folgenden Reaktion entstehen: 

+ [N15] + pt + 
Der dabei wirksame Stickstoff ist in der Gelatine-Komponente der Emulsion enthalten. 
Untersuchungen iiber die mégliche Verminderung von stérenden Protonenbahnen und 
Hintergrundschleier, die durch die Bestrahlung der Kernemulsionen mit thermischen Neu- 
tronen entstehen, werden beschrieben. Die Verwendung von Bor-10-angereichertem Borax 
erhoht die Konzentration des wirksamen Borisotops im Gewebe auf das Fiinffache im Vergleich 
zur Verwendung von natiirlichem Borax. 

Die indirekte autoradiographische Lokalisierung von Bor-10, unter Verwendung der 
Neutroneneinfangreaktion, zeigte eine sehr hohe Konzentration des Isotops im Gehirntumor 
im Vergleich zu einer sehr eringen Bor-10-Aufnahme im Gehirn._ Eine deutliche Anrei- 
cherung des Isotops im Cytoplasma und in den Kernen der Tumorzellen wurde festgestellt. 


Tue cellular distribution of intravenously 
injected boron-10 has both theoretical and 
practical importance in the currently de- 
veloping neutron-capture therapy of malig- 


nant This promising ap- 
proach to the use of the atomic pile in the 
treatment of patients involves the inter- 
action within the tumour of two agents 
which in themselves are relatively harmless. 
The interaction consists of the highly specific 
nuclear reaction which occurs when a 
thermal neutron is captured by the boron-10 
nucleus, and is expressed as the nuclear 
equation: 
;B + on! > [;B"] > + 

+ 2-79 meV 


In this reaction, the avidity of boron-10 
for neutrons, which is expressed by its 
neutron-capture cross-section of 3900 barns, 
results in the formation of unstable boron-11, 
which disintegrates in a fraction of a micro- 
second to produce the reaction products 
shown. The 2:79-meV energy produced in 
the reaction is divided as kinetic energy 
between the ionized lithium nucleus and the 
alpha particle in approximately the inverse 
ratio of their masses. The immediate 
biological effect is minutely localized by 
the extremely short distances traversed by 


these particles in tissue, which range from 
5 to 12 microns, or approximately the 
breadth of a single cell. In order to kill the 
malignant cell, the particles must, therefore, 
originate within the cell or from an imme- 
diately adjacent extracellular site. Effective 
dosage and calculations of relative biological 
effectiveness of the released particles depend 
upon the cellular site of the reaction. The 
cell may be killed by the ionizing effect of 
particles impinging upon it from many 
atoms in the surrounding fluid or from 
relatively few atoms inside the cell, and 
from even fewer if they are contained in the 
nucleus. 

LocxsLeEy and Sweet”) studied 
the compartmental distribution of injected 
boron compounds in mice by chemical 
analysis and have concluded that there is a 
10-20% intracellular accumulation of borate 
above that in the general body water, under 
the conditions of their experiments. More 
specific localization of boron is desired and 
a method has been sought to obtain this. 
A histochemical method for the localization 
of boron is not available, and, because no 
radioactive isotope of boron suitable for 
tracer work exists, its localization by the 
usual autoradiographic techniques is not 
possible. 
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Resorting, therefore, to the (, «) reaction 
described above, a method has been de- 
veloped in which thermal neutron irradia- 
tion of tissue sections containing boron-10 
produces alpha particles and recoil lithium 
nuclei which are detected by a special 
photographic emulsion as nuclear particle 
tracks on a contact autoradiogram. 

Ficg"*) has reported successful tissue locali- 
zation of high concentrations of lithium-6 
in the axolott embryo by a similar technique. 
Faracci al.) demonstrated the boron 
precipitation pattern in polished boron 
steel plates by coating the plates with a 
layer of nuclear emulsion and irradiating 
them in a thermal neutron beam at the 
Chatillon reactor. Mayr, BruNER, and 
Brucer,‘”) using the relatively weak Po-Be 
neutron source, have described this method 
of indirect autoradiography of tissue boron. 
The results of their excellent work suffer 
the acknowledged disadvantage of such low 
activation of tissue boron that the application 
of the Po-Be source is impractical, and the 
recognition of boron alpha tracks from 
background tracks difficult. 


Our effort, using an intense and highly 
thermalized neutron flux from the Brook- 


haven reactor, has been to obtain an 
abundance of boron alpha tracks such that 
clear-cut localization at the cellular level 
can be determined from microscopic exami- 
nation of the autoradiogram and quanti- 
tated with relative ease by track counting. 
Early attempts with human brain-tumour 
tissues obtained at craniotomy after the 
intravenous injection of safe amounts of 
borate solution were unsuccessful. Low- 
tissue concentrations of boron-10, combined 
with the maximum neutron exposure which 
could be used without fogging the plate, 
did not produce tracks in quantity sufficient 
for localization. We therefore resorted to 
animal experiments, using C,H Bar Harbor 
mice with subcutaneously transplanted brain 
tumours, originally induced with methyl 
cholanthrene by the method of SELIGMAN 
and SHEAR.®) 

The tumour mice received 2 mg/g wt. 
of boron-10-enriched borax intravenously 
and were killed 15 min after injection. 
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Samples of the soft tissues, including the 
tumour, were rapidly excised and frozen 
in isopentane chilled in liquid nitrogen. 
The tissues were prepared for cutting by 
vacuum freeze-drying for 48 hours, infiltrated 
with paraffin in the vacuum, then removed 
from the vacuum unit and embedded in the 
same material. Sections of 3-microns thick- 
ness were cut by a dry adhesive-transfer 
method," in which a short strip of adhesive- 
transfer cellophane tape is applied to the 
face of the block to provide backing for 
the individual sections during cutting and 
handling. In the darkroom, the sections 
were firmly sealed by means of the tape 
backing directly to the tacky emulsion surface 
of lucite nuclear plates which had been 
previously coated with an approximate 
thickness of 3 microns of Eastman NTA bulk 
emulsion. An emulsion-coating device de- 
veloped for this purpose has been described 
elsewhere.1°) 

The slides were then irradiated with a 
total exposure of 1-2 x 10!" thermal neu- 
trons/cm* in the treatment facility of the 
Brookhaven reactor. Following irradiation, 
the adhesive-transfer tape was removed 
according to a previously described pro- 
cedure," and photographic development was 
carried out with half-strength Eastman D-19 
developer at 68°F for 30 sec developing 
time. The plates were rinsed in cold water 
and fixed in 30% hypo for 2 min, which was 
followed by a 5-min cold-water wash. 
Histological staining with Harris’s haema- 
toxylin and metanil yellow was carried out in 
the usual way, and cover slips applied, 
sealing the section and the film of nuclear- 
track emulsion permanently together. 

Figs. 1, 2, and 3 show respectively a 
boron-free control section of human brain 
tumour, an autoradiogram of boron-10 in 
the normal brain of the tumour mouse, 
and the autoradiogram of the subcutaneously 
growing brain tumour of the same mouse. 
These three sections received the same 
preparation for exposure and were irradiated 
and processed in adjacent positions on a 
single nuclear plate. A comparison of the 
three photomicrographs reveals the striking 
abundance of tracks associated with the 
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boron-laden tumour sections. The scattered 
black granules in Fig. 1 represent background 
fogging, which results from stray radiations 
during exposure of the nuclear emulsion 
in the neutron beam. The arrow points 
to one of the few nuclear-particle tracks 
produced as a part of the background in this 
field. Several times this number of tracks 
are seen with the normal brain section 
shown in Fig. 2. These result from the 
boron-10 accumulation in the brain during 
the 15 min after injection. The fragmented 
field of the section shown was selected to 
demonstrate the association of the tracks 
with the cells. Fig. 3 reveals the much 


greater accumulation of injected boron in 
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the subcutaneously growing tumour as 
compared with the brain. A similar dif- 
ferential concentration of boron-10 between 
tumour and brain is shown by chemical 
analysis, both in our tumour mice™ and in 
certain human brain tumours.” Fig. 3 
reveals, in addition, the predominant associa- 
tion of the tracks with tumour cells. The 
distribution of boron-10 observed suggests 
significant intracellular and intranuclear 
localization of the isotope in tumour cells. 
Final quantitation awaits technical refine- 
ments which will permit localization studies 
in human brain tumours and the assignment 
of track origin by means of precise track 
measurements. 


DISCUSSION 


The number of boron-10 atoms activated 
during thermal neutron exposure can be 
expressed by the equation: 

6 x 1078 
in which: f = flux in neutrons/cm?/sec, 
¢ = time of exposure in seconds, 
o = neutron capture cross-section 
(3900 barns for B!), which 
is converted to cm? by the 
factor of 10-4. 
[B] x 6 x 1078 


10 — number of atoms of 


boron-10 per cm? of tissue. 


Only two variables in the equation, 
neutron flux and boron concentration, are 
subject to manipulation. The principal 
technical problem in this work has been 
to prepare a nuclear plate which will 
tolerate maximal thermal neutron exposure 
for the activation of minimal tissue boron 
concentrations. The neutron exposure is 
limited only by the capacity of the nuclear 
emulsion to detect the experimental particles 
without prohibitive track formation or 
fogging resulting from induced radiations 
of its own constituents or those of adjacent 
materials. 

In the total exposure ranges explored 
(1:2 x 10" to 7-2 x 10!2n/cm?), back- 
ground tracks result almost entirely from 


protons which are produced by slow-neutron 
irradiation of the nitrogen contained in 
the gelatin matrix of the emulsion itself. 
This reaction is expressed as the nuclear 
equation: 
+ on! > [,N®] > p+ 

The 0-6meV proton produced in this 
reaction has a range of 6 microns in NTA 
emulsion.“!) which coincides with the 
range of the alpha particles sought in this 
work. Further, NTA emulsion, which is 
relatively insensitive to gamma and beta 
radiations, detects the paths of protons with 
tracks only slightly less dense than those of 
the boron alpha particles. Using the equa- 
tion above for the number of atoms activated 
during neutron irradiation, approximately 
9 x 10" proton tracks per cm’ of dry NTA 
emulsion can be predicted for an exposure 
of 7-2 x 10"%n/cm*. Assuming uniform 
body distribution of the injected dose used, 
the number of atoms of boron-10 activated 
by the same neutron exposure is 3-4 x 10” 
per cm® of tissue. When account is taken 
of the origin of the protons within the 
emulsion, and that of the alpha particles 
within the tissue section, from which only 
about one-third reach the emulsion to 
produce tracks, the predicted number each of 
protons and alpha particles traversing the 
emulsion becomes almost identical. 

Two measures were taken to reduce proton 


Fic. 1. 3-micron control 
section of non-boron- 
bearing human _ brain 
tumour mounted 
jacent to the sections 
shown in Figs, 2 and 3. 
The absence of back- 
ground tracks in sig- 
nificant numbers _ is 
shown. Haematoxylin 
and metanil yellow. 


1000. 


Fic. 2. Autoradiogram of boron-10 in a 3-micron section of normal brain from the 
mouse described under Fig. 2, and irradiated on the same nuclear plate. The striking 
ratio of tumour/brain boron concentrations can be seen by comparing track abundance 
here with that in Fig. 3. Haematoxylin and metanil yellow. » 1000. 
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Fic. 3. Autoradiogram of boron-10 in a transplanted brain tumour mouse killed 

15 min after the intravenous injection of 2 mg/g B!°-enriched borax. The 3-micron 

section was mounted on an NTA plate and irradiated with a total flux of 

1-2 x 10!* thermal neutrons/cm*. The close association of the tracks with the 
nuclei is illustrated. Haematoxylin. 1000. 
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interference. The emulsion layer was re- 
duced to the minimum thickness compatible 
with maximum alpha-particle detection, 
eliminating the background attendant upon 
excessive emulsion depth. Routine under- 
development of the plates was adopted to 
develop differentially the more densely 
ionized alpha tracks, with resulting poor 
development of the weaker latent images 
produced in the paths of protons. 

A nuclear emulsion with both the nitrogen 
content and the proton sensitivity reduced is 
in preparation for use with tissues containing 
concentrations of boron-10 too small for 
localization with the currently available 
materials. 

Lucite slides are used to eliminate the 
background radioactivity induced in glass, 
with its substantial concentrations of boron, 
lithium, and other metals, by the neutron 
beam. In addition to the existing shielding 
at the treatment facility of the Brookhaven 
reactor, the slides are shielded by a graphite 
casette, which in turn is placed in bismuth 
receptacles presenting 10 in. in thickness to 
the incident neutron beam, and providing 

Sin. additional side and top shielding. 
With this arrangement, fast-neutron and 
gamma-ray contamination of the beam has 
not contributed significantly to background 
fogging in the exposure ranges explored. 

In the manipulation of tissue boron-10 
concentration, the use of borax synthesized 
from boron-10 has resulted in a fivefold 
increase in activity over that obtained with 
the use of borax containing the boron-10 
isotope in a natural abundance of 18-83%. 
A favourable increase in solubility and a 
decrease in toxicity was obtained with the 
use of an aqueous glucose vehicle developed 
by Dr. OrHo Easterpay™ of the Brook- 
haven National Laboratory and supplied 
through his kindness to the author. 

The loss of boron in solvents with which 
the tissue is prepared for mounting is a 
factor of overriding importance in the actual 
location and concentration of the material 
irradiated. 
within the section may occur as well, 
without prohibitive loss of isotope, and 
invalidate the autoradiographic localization. 


Displacement of the boron. 
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The use of freeze-drying, and a dry method 
of cutting and mounting the sections elimi- 
nates all exposure to solvents except that 
presented by the molten paraffin with which 
it is infiltrated and embedded. 

Irradiation and track formation take place 
prior to clearing the section of paraffin. The 
appearance of alpha tracks on blank areas 
of the slide next to the section in certain 
autoradiograms suggested loss of tissue 
boron and its accumulation in the paraffin." 

-Careful restudy of these autoradiograms re- 
veals that partial loss of the section accounts 
for this in most instances, and the occurrence 
of fully developed proton tracks, which are 
easily mistaken for alpha tracks, in others. 

Preliminary chemical analyses carried out 
by Miss JANETTE Rosinson do not reveal 
accumulation of boron by paraffin under 
conditions identical to those used in the 
preparation of these tissues. 

Experiments in which tumour mice were 
injected with sublethal doses of lithium 
chloride and the tissues prepared and 
irradiated in the manner described for boron 
have met with poor success. The effective 


isotope, lithium-6, occurs in nature to an 
extent of only 7:43, and the enriched 
isotope was not immediately available. 
The neutron capture cross-section is 950 
barns, or about one-fourth that of boron. 
At equal concentrations, therefore, a neutron 
exposure thirty-two times that required for 


boron is needed for successful auto- 


radiography. 

The possible use of lithium-6 and certain 
other isotopes in the neutron therapy of 
malignant tumours justifies the effort to 
refine the technique of autoradiography 
reported. No other available method will 
reveal the distribution of these isotopes at 
the cellular and nuclear microscopic levels. 
In the investigation of various compounds of 
the same element, it is entirely possible 
that two compounds which give similar 
ratios of tissue concentration by chemical 
analysis could be distinguished by differences 
in cellular distribution. This would have 
important bearing on the advantage of one 
over the other in the neutron therapy 
of tumours. 
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SUMMARY AND CONCLUSIONS 


Boron-10 and lithium-6, which have no 
isotope suitable for tracer work, can be 
detected in nuclear emulsion by exploiting 
the neutron-capture reaction. The tissue 
section is mounted on a nuclear plate and 
irradiated with thermal neutrons. The alpha 
particle and recoil nucleus are detected as 
nuclear-particle tracks in the emulsion. 
Successful utilization of the intense neutron 
flux of the atomic pile for this purpose is 
reported. The central problem in the use: 
of such an intense neutron flux has been 
the reduction of background tracks, resulting 
almost entirely from protons of the N14- 
(n, p)C™ reaction. Measures which minimize 
this problem and permit closer approximation 
to the goal of maximal neutron exposure 
for the activation of minimal amounts of the 
tracer material are described. 

Preliminary study of intravenously injected 
boron-10 in the subcutaneously transplanted 
mouse brain tumour indicates substantial 
intracellular and intranuclear concentration 
of the material. 
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Autoradiography of Serial Cross-sections 
of Undecalcified Bone* 


J. H. V. K. Wuire, and J. CoHEn 
Radioactivity Centre of the Department of Physics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, and Children’s Medical Centre, Boston, Massachusetts 


(Received 12 March 1956) 


A method is described for producing serial Ca*® autoradiograms with corresponding 
photomicrographs of cross-sections of bone by mounting thin blocks and facing one suriace 
repeatedly on a lathe. 


Autoradiographie d’une série de coupes d’os non décalcifié 
On décrit une technique permettant la prise en série d’autoradiogrammes par Ca*® et des 
photomicrogrammes correspondants, de sections voisines d’un mince bloc d’os successivement 
dressées au tour. 


Cpe30B 
KOCTH 


10 onepeyHbIX Cpe30B KOCTH, B 
cpe3a CepHu Cpe30B Ha TOHKOI 


Autoradiographie von Serien von Schnitten nicht entkalkter Knochen 
Es wird eine Methode beschrieben, um Serien von Ca*® Autoradiogrammen mit korre- 
spondierenden Mikrophotographien von Knochenschnitten herzustellen. Dabei werden 
kleine Knochenstiicke auf Glastrager montiert und wiederholt parallel zu einer Flache 
geschnitten. 


IN investigating the deposition of Ca*® in and follow both the hot spots and the 
bone, we have developed a technique of corresponding haversian canals through 
preparing serial cross-section autoradio- many serial cross-sections separated by as 
grams. An embedded bone segment, moun- _ little as 20 microns. 

ted on a microscope slide, is alternately Fresh or fixed bone is sawn into convenient 
faced on a lathe and autoradiographed. lengths, dehydrated through alcohols and 
By this method a three-dimensional recon-  xylol, and embedded in Bioplastic.t Pene- 
struction of a portion of a bone can be made _ tration of the plastic into the bone is assured 
which shows the spatial distribution of Ca*® by using a vacuum desiccator to force out 
in the bone. One can localize activity to the all free air and fill all marrow spaces. The 
particular haversian systems containing it, Bioplastic is allowed to harden for two days 


* Supported in part by contract AT(30-1)-952 with the U.S. Atomic Energy Commission. 

+ Present address: Argonne National Laboratory, P.O. 299, Lemont, Illinois. 

t Bioplastic is a thermosetting plastic made by Ward’s Natural Science Establishment Inc., Rochester, N.Y. 
The plastic embedding medium supports the bone and prevents deformation during facing. It also presents a 
flat surface for autoradiography which eliminates artifacts due to uneven pressure or holes in the specimen, and 
provides a uniform absorption medium for beta radiation. 
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after the bone is embedded and then it is 
baked for several hours at 60°C. The 
embedded specimen is placed in a milling 
machine (Fig. 1) and serial blocks about 
1 mm in thickness are cut by means of a 
thin circular saw. The saw illustrated is 
3 in. in diameter and 18 mils thick. In order 
to prevent the saw from overheating, a 
cooling head is placed in gentle contact with 
the free surface of the block during cutting 
and the cooling head is kept supplied with 
carbon dioxide at high pressure. The 
position of this cooling head is quite impor- 
tant, because, unless the block is kept flat 
and cool, the saw may jam or the block may 
warp. With proper alignment, blocks from 
0-5 to 1-5 mm in thickness may be cut easily. 

Each serial block is glued with Bioplastic 
to a glass slide which is mounted in a lathe 
for facing (Fig. 2). The cutting tool is 
ordinary high-speed steel carefully sharpened 
and set at an angle of about 60° from the 
horizontal. This tool angle minimizes damage 
to the bone surface. A sharp tool can cut 
twenty or thirty times across a bone block 
without producing artifacts. A small air-jet 
is shown riding on the cutting tool to keep 
it clean. At the lower right is an intake from 
an ordinary vacuum cleaner which collects 
the bone-dust effectively. A vacuum pump 
is connected by a simple bushing to one end 
of the tubular axle of the lathe chuck and an 
evacuated space under the microscope slide 
holds it in place. The vacuum chuck allows 
simple and reproducible mounting. 

Autoradiograms are made using | x 3-in. 
Autoradiographic No-screen Plates.* These 
plates are preferable to stripping film for two 
reasons. They are more sensitive, and 
autoradiography of serial faces is not too 
time-consuming. Also, the autoradiogram 
is preserved when a face of the bone is 
removed. However, the resolution of the 
plates is not so good as that obtained with 
stripping film. 

Because both the bone block and the 
autoradiographic film are mounted on micro- 
scope slides they can be accurately aligned 
by approximation of their corners in a 
right-angle jig (Fig. 3). In it the slide 
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* Autoradiographic No-screen Plates are supplied by Eastman Kodak Co., Rochester, New York. 


holding the faced bone block is mounted and 
covered by an autoradiographic plate which 
is held in close contact by an arm on the jig. 
The bone slide and its autoradiogram can be 
compared by placing them alternately under 
the microscope. If the same edges of the 
slide are used to position it under the micro- 
scope as are used in the jig, the alignment 
is accurate to within 50 microns. Positioning 
of a given slide under the microscope is 
reproducible within 5 microns, and, by 
comparing the position of hot spots with their 
corresponding haversian canals, an un- 
ambiguous alignment correction can be 
made between autoradiogram and bone slide. 

Using an ordinary lathe, each facing 
operation can be set to remove about 20 
microns from the surface of the block, 
so that autoradiograms of faces separated 
by 20 microns may be produced and com- 
pared with photomicrographs. The initial 
thickness of the serial blocks is limited to 
the order of a millimetre by the need for 
light transmission, but when a section has 
been cleared with Nujol, good photo- 
graphic definition can be obtained in sections 
up to 50 mils in thickness. With a thin saw, 
about 500 microns of tissue will be lost 
between serial blocks prepared in_ this 
fashion. The maximal cross-section size 
of the blocks has not been ascertained, 
but we have cut blocks measuring 3 cm by 
2cm with ease. The interval between the 
serial faces is limited only by the accuracy 
of the lathe. 

We have been able to reconstruct the 
three-dimensional extent of deposition of 
radioactive calcium in bone, together with 
the corresponding haversian-system archi- 
tecture. Ajthough a laborious procedure, it 
should be possible to portray the three- 
dimensional location of Ca*® and other 
radioactive elements deposited in bone 
throughout the skeleton by this method. 

Fig. 4 is an example of the results of serial 
facing in which an haversian system in the 
femur of a dog is followed down the bone 
by 50-micron steps. The left picture of 
each pair is a photomicrograph enlarged 
60x. The right picture is the corresponding 
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Fic. 1. The plastic block containing the 

embedded specimen is held for sectioning in 

the clamp (lower right) cooled by contact 

with the stage from a freezing microtome 
(centre). 


Fic. 2. The bone 
block (centre) is 
held in the lathe 
chuck. The facing 
tool (left) with air- 
jet mounted on it 
traverses the slide. 
The dust collector 
is at the right. 
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Fic. 3. The bone slide is held in a jig which has a right-angle mount identical to 
that of the microscope stage. A 1 x 3in. autoradiographic plate can be 
accurately superimposed. 


Fic. 4. Serial photomicrographs 
and autoradiograms follow an 
haversian system down the bone 
of a dog at 50-micron steps. 
Left picture of each pair is 
photomicrograph enlarged 60 x . 
Right picture is autoradiogram 
enlarged 25%, exposure 19 
hours; Ca?*® injection of 60 
microcuries/kg dog weight. In 
No. 1 the bone is 48 mils thick; 
and by No. 6 the thickness has 
been reduced to 38 mils. 
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Autoradiography of serial cross-sections of undecalcified bone 


Ca*® autoradiogram, which for clarity has 
been enlarged only 25x. Calcium-45 is 
particularly useful for this technique because, 
due to its low energy, the effective beta 
radiation comes predominantly from the 
top 50-micron layer of bone. From the 
photomicrographs it is apparent that branch- 
ing canals might be missed if sections were 
not observed at least every 50-100 microns. 
The haversian system in the centre of No. 1 
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approaches a multiple branching point in 
No. 2-3. In No. 5-6 the original canal is 
no longer present. The hot spot in the centre 
of autoradiograms 1-4 shows that the 


original canal was calcifying down to the 
branch point, but that none of the branches 
were active. Note that the presence of a 
second hot spot at the upper edge of each 
autoradiogram verifies that the alignment 
of bone and autoradiogram did not change. 
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Calcul de Rendements de Polymérisation 
Radiochimique en Fonction 
de la Distribution des Sources 


MICHEL MAGAT et LYDIA REINISCH 
Laboratoire de Chimie-Physique de la Faculté des Sciences de Paris 


Afin de calculer le rendement de polymérisations radiochimiques, il est nécessaire de 
connaitre le champ d’irradiation des sources utilisées. Dans le présent article, ce calcul a été 
effectué pour des sources linéaires uniques de ®°Co et de 187Cs, pour des arrangements de 
2, 4, et 7 sources linéaires, pour des cylindres creux de différents diamétres et pour des sources 
sphériques creuses. Les rendements correspondants ont été déterminés ainsi que la répar- 
tition des poids moléculaires du polymére pour | source et 7 sources linéaires. 


Calculations of the yields of radiation-initiated polymerization as a function 
of sources distribution 


In order to calculate the yield of radiation-initiated polymerization, it is necessary to know 
the irradiation field of the used sources. In the present paper this calculation was made for the 
single linear Co®® and Cs!*’ sources, for systems of 2, 4, and 7 linear sources, for hollow cylinders 
of various diameters, and for hollow spherical sources. Determination was made of corre- 
sponding yields and of molecular-weight distribution of the polymer for | and 7 linear sources. 


Pacuer BEXOJ0B B PYHKIMM OT 
MCTOYHHKOB 


pacumTaTb BEIXO HeOOXOAMMO 3HaTb 
nose OOY4eHMA HCTOYHHKOB. B CraTbe aH pacueT JIA 
auueiinprx ucrounnKos Cs”’, yaa rpynn B 2,4 7 MCTOUHMKOB, 
M MOJeKYJAPHEIX BeCOB B NOJIMMepe AIA 
M JIMHeMHbIX MCTOUHMKOB. 


Berechnung der radiochemischen Polymerisationsausbeute als Funktion der Verteilung 
der Strahlenquellen 


Zur Berechnung der radiochemischen Polymerisationsausbeute ist es nétig, das Strahlungsfeld 
der beniitzten Quellen zu kennen. In der vorliegenden Arbeit wurde die Feldberechnung fiir 
einzelne geradlinige ®°Co- und 1°7Cs-Quellen durchgefiihrt, ausserdem auch fiir Anordnungen 
mit 2, 4 und 7 geradlinigen Quellen, fiir Hohlzylinder verschiedener Durchmesser und fiir 
Hohlkugeln. Die diesen Anordnungen entsprechenden Ausbeuten, sowie die Verteilung der 
Molekulargewichte der Polymeren fiir eine Quelle und fiir 7 geradlinige Quellen wurden 
bestimmt. 
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Calcul de rendements de polymérisation radiochimique en fonction de la distribution des sources 


INTRODUCTION 


Parmi applications industrielles 
possibles de la chimie des rayonnements, la 
polymérisation des composés_ vinyliques 
occupe une place de choix. C’est la raison 
pour laquelle JTétude  cinétique des 
réactions de ce type a été particuliérement 
poussée dans notre  laboratoire ainsi 
que dans plusieurs autres. On dispose 
actuellement pours divers monoméres de 
données cinétiques_ suffisantes, en ce 
qui concerne Jl influence de _ intensité 
du rayonnement et de la température, 
pour pouvoir envisager la _ construction 
d’usines pilotes. Les problémes que 


pose ce passage a I’échelle semi-industrielle 
sont assez nombreux et ne_ sauraient 
étre traités tous a la fois. Un des 
premiers a résoudre est celui de l’intensité 
optimum des sources élémentaires et de leur 
distribution dans le réacteur. C’est de ce 
probléme particulier que nous allons traiter 
dans le présent mémoire. Cependant, il nous 
parait utile de rappeler auparavant les 
résultats généraux obtenus dans l’étude de 
la polymérisation par voie radiochimique. 
Nous effectuerons ensuite les calculs pour un 
cas particulier, a savoir, la polymérisation du 
méthacrylate de méthyle. 


A. GENERALITES SUR LA POLYMERISATION DE COMPOSES 
VINYLIQUES 


On sait que les polymérisations de composés 
vinyliques amorcées par les rayonnements 
ionisants s’effectuent par le mécanisme 
radicalaire. Les schémas cinétiques appli- 
cables a des polymérisations amorcées par des 
catalyseurs peroxydiques ou par des rayonne- 
ments ultra-violets, sont valables. 

En ce qui concerne la variation de la 
vitesse de polymérisation avec l’intensité des 
rayonnements, deux cas sont a distinguer: 

(1) polymérisation dans un milieu dans 
lequel le polymere est soluble; 

(2) polymérisation dans un _ milieu 
précipitant le polymére. 

Dans le premier cas et pour la poly- 
mérisation du monomére pur, on trouve a la 
température de 20°C que la vitesse de 
polymérisation est proportionnelle a [°° 
pour des intensités inférieures 4 400 r/min 
environ. Pour des intensités plus fortes, la 
vitesse croit plus lentement avec l’intensité 
que ne l’indique cette relation et tend a en 
devenir indépendante. En solution la dévi- 
ation de la loi en J°»5 apparait a des intensités 
d’autant plus faibles que le monomére est 
plus dilué. 

Dans le deuxiéme cas, la vitesse de 
polymérisation croit selon une loi en J* ot 
0,5 <a« <1, la valeur de « variant d’un 
composé 4 un autre (0,55 pour le chlorure 
de vinyle; 0,8 pour  l’acrylonitrile). 


L’aplatissement de la courbe vitesse-intensité, 
sil existe, n’apparait qu’a des intensités 
supérieures a 500 ou 1000 r/min. 

Si l’on se limite au premier cas, il est 
évident que l’on n’a aucun intérét a utiliser 
des champs d’irradiation trés élevés. En 


quadruplant l’intensité on ne peut, dans le 
meilleur cas, que doubler la vitesse de 
conversion, le gain étant d’autant plus faible 
que l’intensité est élevée. D’un autre cété, le 
poids moléculaire est proportionnel a J~®.°. 
En utilisant des champs trés intenses, on 
obtiendra des polyméres de bas _ poids 
moléculaire. 

Enfin, si l’intensité varie beaucoup d’un 
point a l’autre du réacteur on obtiendra un 
mélange de polyméres de poids moléculaires 
moyens trés différents, la distribution globale 
des poids moléculaires étant par conséquent 
trés large. 

En ce qui concerne |’effet de la tempéra- 
ture, la vitesse d’amorcage étant en gros, 
indépendante de celle-ci, la vitesse globale 
va croitre comme la vitesse de propagation, 
c’est a dire avec une énergie d’activation de 
5-7 kcal/mol (6,3 kcal pour le méthacrylate 
de méthyle; 6,4 kcal/mol pour le 
En d’autres termes, en 
passant de 20° a 40°C, on augmentera la 
vitesse de polymérisation d’un facteur de 
Yordre de 2. Le poids moléculaire va 
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croitre avec la température si la longueur 
moyenne des chaines est déterminée unique- 
ment par la réaction de terminaison. I] va 
décroitre si elle est déterminée essentiellement 
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par les réactions de transfert. La prédomi- 
nance de l’un ou I’autre de ces deux 
phénoménes dépendra de la nature du 
monomére, du milieu et de la température. 


B. ETUDE DU CHAMP D’IRRADIATION DE DIVERSES SOURCES 


Afin de pouvoir calculer le rendement 
d’une polymerisation radiochimique, il est 
nécessaire d’étudier d’abord la valeur et 
Puniformité du champ dirradiation pour 
différentes formes et distributions de sources, 
placées dans un milieu de coefficient 
d’absorption w. A partir de ces résultats, on 
peut évaluer la quantité de polymére 
obtenue dans chacun des cas envisagés et 
choisir ainsi le dispositif d’irradiation four- 
nissant un rendement maximum pour une 
puissance globale donnée et pour une 
distribution de poids moléculaires imposée. 

Pour certaines formes de sources, nous 
avons pu utiliser les expressions déduites de 
SreveRT®) (source linéaire, cylindre plein, 
disque circulaire) ou des combinaisons de 
ces expressions (ensemble de _ sources 
linéaires).* Nous nous sommes alors con- 
tentés d’effectuer les calculs numériques. 

Dans d’autres cas (cylindre creux, sphére) 
nous avons dt établir les expressions mathé- 
matiques. En ce qui concerne le cylindre 
creux, HENLEY) a bien donné l’intensité 
sous forme d’intégrales multiples mais il n’a 
effectué aucune des intégrations et renvoie 
a des publications pour nous inaccessibles. 
CREAN, Isaacs, Wess, et FANHOE) par 
contre, indiquent des formules algébriques 
permettant le calcul du champ d’irradiation 
du cylindre creux mais les symboles ne sont 
pas assez clairement définis pour permettre 
lapplication numérique de ces expressions. 
Lewis dans sa thése‘® traite le cas du 
cylindre creux avec et sans self-absorption 
dans un milieu non absorbant contenant ou 
non des parois métalliques absorbantes. 
Aucune des formules indiquées ne convenait 
au Cas envisagé par nous. 

Dans ce qui suit nous allons indiquer les 
expressions utilisées dans les différents cas et 


représenter sous forme de graphiques d’iso- 
intensité les champs d’irradiation qui en 
résultent. 


2 
Fic. 1. Calcul de l’intensité d’une source linéaire. 


1. Cas d’une Source Linéatre 


Considérons avec SIEVERT une source 
linéaire de longeur / et d’une activité totale 
de P curies, plongée dans un milieu ayant 
un coefficient d’absorption uniforme cm}. 
(Pour le méthacrylate de méthyle et une 
source en ®°Co par exemple = 0,05 
Prenons comme origine O le centre de la 
source et calculons l’intensité du rayonne- 
ment regu par un point Q. Les calculs sont 
différents suivant que Q est situé ou non sur 
la prolongation de l’axe de la source (fig. 1). 

(1) Q n’est pas situé sur l’axe. Un 
élément de longueur dx situé a la distance x 
de l’origine, enverra au point Q de co- 
ordonnées a et b, un rayonnement d’intensité 
dI, qui lorsqu’on ne tient pas compte de laq 


* Mentionnons a ce propos également que CHARLEsBy et Fiint') ont calculé pour une source linéaire a activité 
spécifique variable, le champ d’irradiation dans un milieu transparent. 


= 
d 
l 
a 
b 
x 
956/5 
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selfabsorption de la source, est donnée par 


(1) 
Soit langle XQQ’, Q’ étant la projection 
de Q sur la source, on a alors 

bix 


a 


a = 


= 


d’ot & = rc 


COs 


Dans conditions 
Péquation (1) fournit: 


P cos? 


Pintégration de 


e—Halcos p 


cos? 


et en remplagant les limites —//2 et +//2 par 
les angles limites y, et 


P (% 
—pa/cos 
paleose dep 


@) 


= LF 

k représente un facteur de conversion 
numérique qui pour le ®Co vaut 225 
lorsqu’on exprime J en r/min et 209 quand 
on choisit comme unité le rad/min. Pour le 
137Cs les facteurs sont 65 et 61 respectivement. 

(2) Qest sttué sur axe de la source. Dans ce 
cas la formule (2) n’est plus applicable. Si 
vy est le coefficient de selfabsorption de la 
source dont il faut alors tenir compte, on 
obtient 


b+1/2 1 
12 


La signification des symboles algébriques est 
indiquée dans la fig. 1; 4 est ici la distance 
OQ,. Posons b + 1/2 = aet b — 1/2 = 8B, (3) 
devient alors 


2 
—1/2 a 


— E(va)] (4) 


= yf E( vB) 


ou par definition 
E(x) = 7 dx. (5) 


Les fonctions F(ua,p) et E(x) ont été 
calculées par S1EVERT."?: 7) 

Nous avons comparé les intensités calculées 
a aide de la formule (1) a l’intensité mesurée 
pour une source de ®°Co (/ = 2,4cm, P = 
22 curies), existant au laboratoire. L’accord 
s'est avéré satisfaisant (tableau 1). 


TABLEAU I. 


Distance a la source 


fein) Tcaic 


4 240 
6 | 100 
9 41 


A moins d’indications contraires les figures se rappor- 
tent a des sources de 100 curies en ®°Co, d’une 
longueur de 20 cm et immergées dans des milieux de 
coefficient d’absorption = 0,05 
L’équation (2) montre que l’intensité en 
un point Q dépend de deux paramétres: 
d’une part de la distance a a la source et 
d’autre part de la coordonnée 4 (c’est-a-dire 
la hauteur du point Q) par l’intermédiaire 
des angles limites y, et yg. Pour apprécier 
Vinfluence de ces deux paramétres, nous 
avons calculé l’intensité d’une source en 
(6 = 0,5cm et / = 20cm, avec = 
0,05 cm-1, P = 100 curies) en fonction de la 
distance dans les 4 plans 6 = 0, b = 5 cm, 
b = 10cmet d = 15cm (fig. 2.) On constate 
que J varie beaucoup plus fortement en 
fonction de la distance a qu’en fonction de la 
hauteur 5. Dans tous nos calculs ultérieurs 
nous choisirons une intensité moyenne 
indépendante de 4, a savoir l’intensité dans 
le plan 6 = 1/4/, et nous ne considérerons 
plus que la variation de cette intensité avec la 
distance aala source. Dans ces conditions les 
surfaces d’isointensité d’une source linéaire 
sont des cylindres droits a base circulaire.* 


* Remarque. 11 est possible d’étendre les formules (1) et (4) au cas ot le milieu absorbant serait hétérogéne et 


constitué par des couches d’épaisseur d,...d;... 


d,, ayant respectivement comme coefficient d’absorption My. 


n 
Dans ces conditions le produit a est remplacé par la somme des produits > ud; La formule ainsi généralisée 


s’applique par exemple au cas ot un certain nombre d’écrans seraient immergés dans le milieu polymérisant pour 


séparer les polyméres de différents poids moléculaires. 
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A partir des expressions obtenues il est 
possible de calculer la distribution de 
l’intensité aussi bien pour une source cylin- 
drique pleine que pour un assemblage de 
sources linéaires ou cylindriques. 


10 
6 


cm 


Fic. 2. L’intensité en fonction de la distance pour 
une source linéaire dans les 4 plans b = 0 (A), b =5cm 
(B), 6 = 10cm (C), 6 = 15 cm (D). 


2. Source Cylindrique Pleine 


I] est indispensable dans ce cas de tenir 
compte de la selfabsorption. On procéde 
alors par la méthode d’approximation sui- 
vante proposée par SIEVERT: on décompose 
le cylindre plein en une infinité de sources 
linéaires s’appuyant sur la section $ du 
cylindre. Toutes les sources partielles qui 
envoient au point Q un rayonnement de 
méme intensité, seront alors situées sur des 
segments de couronnes circulaires de centre 
Q. Dans la somme qui représente l’intensité 
totale au point Q chacun de ces segments $; 
entrera donc affecté d’un poids $;/S, ce qui 
donne finalement pour l’intensité totale au 


point Q 

F(udy; + — + dyi, Pi) 


a; 


(6)* 
L’approximation sera d’autant meilleure que 
le nombre n de segments partiels sera plus 
élevé. Les surfaces S$; s’obtiennent par 
planimétrage. 

Au fur et a mesure que le point Q s’éloigne 
de la source, l’intensité du rayonnement en 
ce point se rapprochera de plus en plus de 
celle émise par une source linéaire et ceci 
d’autant plus vite que le rapport ¢// sera plus 
faible =diamétre, / = hauteur de la 
source). Citons comme exemple le cas d’une 
source de ®°Co de / = 1 cm et de d = 1 cm. 
A 2 cm du centre de la source le calcul par la 
méthode de la source linéaire, fournit un 
résultat de 15% trop élevé par rapport au 
calcul selon la méthode de la_ source 
cylindrique pleine, compte tenu de la 
selfabsorption. 


3. Cas de Plusieurs Sources Linéaires 

On a vu que dans le cas d’une source 
linéaire unique placée dans l’axe d’un 
réacteur cylindrique la_ variation de 
lintensité est considérable le long du rayon. 

Pour produire des champs d’irradiation 
plus uniformes on peut envisager a la place 
d’une source unique l’utilisation de plusieurs 
sources partielles. Dans ce cas l’intensité en 
un point est la somme des contributions 
individuelles de chaque source. t 

Les figures 3, 4, 5 montrent les courbes 
d’isointensité dans le plan 46 =//4 pour 
différentes dispositions de sources. Les 
surfaces d’égale intensité sont encore cylin- 
driques; mais ces cylindres n’auront plus 
une base circulaire. Pour obtenir le volume 
compris entre deux surfaces d’isointensité, 
volume nécessaire au calcul ultérieur du 
rendement, on planimétre les courbes des 
figs. 3, 4, 5. 


* d,,et d,; désignent pour chacun des segments considérés un trajet moyen dans la source et dans le milieu 


respectivement. 
+ On néglige l’absorption par les sources. 
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Fic. 3. Courbes isodoses pour 2 sources de 50 curies chacune se trouvant 4 une distance de 10 cm. 


Fic. 4. Courbes isodoses pour 4 sources, de 25 curies chacune, 
disposées suivant un carré de diagonale = 10 cm. 
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Fic. 5. Courbes isodoses pour 7 sources 
de 15 curies chacune, disposées suivant 
un hexagone régulier de 6 cm de cété 
avec source centrale. 


4. Intensite d’une Source Cylindrique Creuse Ceci donne aprés développement en série et 
lorsqu’on ne tient pas compte de la Selfabsorption intégration (2) 
de la Source* 
Considérons une circonférence émettrice = 

2 2 2 _ 
d’activité totale P. L’intensité du rayonne- + p 
ment au point Q sera: | 1 

— 


] 


Blond Vai + b+ p? 
3 
(Pour la signification des symboles voir la + i ; 
fig. 6) Or, ona V(a 
p? — 2bpcosw 


Une nouvelle intégration sur a permet alors 
», de passer de la formule (7) a intensité 
0 a? + 6? + p*? — 2pb cos mw fournie au point Q par un cylindre creux 


2pb 
+ 52 + 


* Ce cas a été traité par des auteurs américains.'4, 5. © Cependant la signification des symboles mathématiques 
n’est pas toujours claire. Nous avons donc été obligés d’établir d’abord nos formules. 
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Fic. 6. Calcul de lintensité 
d’une circonférence émettrice. 


d’activité totale M et de hauteur h,+/,=h*. 
On trouve ainsi 


I cylindre 


da 
(a? + — 4588 
da 3 2pb da 
Va + 16 + + p2)> 


=f da 
V (a2 + + p2)? — 


intégrale elliptique incompléte de premiére 
espéce que nous avons calculée point par 
point a l’aide des tables de JAHNKE EmDE‘®) 
aprés avoir opéré les changements de 
variables classiques. Quant aux autres 
intégrales, elles s’obtiement aisément: 


est une 


I 
(9) 
(a + B+ + 


Va? + b+ p? 3 (a? + b? + p?)3 
(10) 
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I, est négligeable par rapport a J. 

La fig. 7 montre la distribution d’intensité 
dans différents plans pour un cylindre creux 
perpendiculaire a la source dont voici les 
caractéristiques: ®°Co activité totale 100 
curies, 6 = 8cm, h = 20cm. 


5. Cas dune Source Spherique Creuse sans 
Selfabsorption 


Soit a calculer lintensité en un point Q; 
O étant le centre de la sphére et & son rayon. 
Prenons comme axe polaire la droite OQ 
(OQ = a) et comme coordonnées angulaires 
correspondantes les angles 6 (colatitude) et 
gy (longitude). Considérons un élément de 


surface 
ds = R* sin 6 d6 do. 


min 


Fic. 7. L’intensité en fonction de la distance pour 


une source cylindrique creuse de 96 curies dans les 
4 plans A, B, C, D précédemment deéfinis. 


* Si l’on prend pour axe des z l’axe du cylindre et pour origine O la projection du point Q considéré, —h, et 
h, seront alors les coordonnées des plans limites du_cylindre. 
Remarque. La formule (7) permet aussi d’obtenir par intégration suivant le rayon, le rayonnement émis par un 


disque plan circulaire de rayon R et d’activité M: 


R? + V(R® + a? — b?)? + 40%? + 6? + R?— Va? + 


1 
1= kM |p In 


R? 
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Soit « l’activité par unité de surface 


total 
47R2° 


L’intensité fournie par l’élément émetteur ds 
au point Q a la distance p sera 


aR? sin 6 dO dy 
e ue 


df 


(11) 


d’ot 


== 


2 


im aR? sin _ 
Jp=0 ‘ad 
p est indépendant de gy, ce qui permet 
d’intégrer d’abord par rapport a gy. On 
obtient 


6=0 p 
p? = a? + R* — 2aR cos 0 
2pdp = 2aR sin 6 dO 
9 R R+a 
dp. 
a R-a P 
Cette intégrale fournit une série convergente 
pour toutes les valeurs de p. 


Q7aR 
|p| 


(12) 
Or 


d’ot (13) 


up 


(—p)"p" R+a 
yg 


I= 
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1 


Fic. 8. L’intensité en fonction de la distance pour une 
source sphérique creuse: R = 8cm, R = 11,6 cm. 


Pour l’intensité au centre O(a = 0) cette 
formule fournit une valeur indéterminée 
O/O; cependant l’évaluation directe donne 
pour l’intensité au centre 


= Prota (15) 


Nous avons effectué le calcul numérique pour 
une sphére de rayon R = 11,6 cm ayant donc 
un volume de 6,53 litres égal au volume du 
réacteur cylindrique considéré plus haut et 
pour une sphére de rayon 8 cm (fig. 8) 
immergée dans un réacteur sphérique de 
rayon 11,6 cm. Les rendements obtenus sont 
inscrits dans le tableau 2. 


C. RENDEMENTS DES DIFFERENTS TYPES DE REACTEURS ET 
DISTRIBUTION DES POIDS MOLECULAIRES 


1. Rendements des Differents Reacieurs pour le 
Methacrylate de Methyle 


Une fois les surfaces isodoses déterminées, 
on calcule le rendement d’un réacteur en 
découpant son champ d irradiation en 
domaines d’intensité moyenne constante et 
on détermine a l’aide de la courbe de 
conversion (fig. 9) le poids de polymére 
formé dans chacun de ces domaines. La 


somme étendue a la totalité du champ 
dirradiation du réacteur donne la produc- 
tion totale de ce dernier exprimée en 
tonnes/an. 

A titre d’exemple nous avons donné dans 
la fig. 10 le poids total du polymére pour un 
réacteur cylindrique de 20 cm de hauteur a 
source linéaire axiale en ®°Co de 20cm de 
haut, en fonction du rayon du réacteur. Les 


| 
= 
|| 
VOL. 
1 
= 
Protai 
(3R2a — + 19 (R3a + Ra*) +..] 
(14) 


Calcul de rendements de polymérisation radiochimique en fonction de la distribution des sources 203 


Tasieau 2. Rendement de la polymérisation du méthacrylate de méthyle dans un réacteur cylindrique de 20 cm de 
hauteur, de 20 cm de diamétre, c’est-a-dire d’un volume de 6,53 1 pour différentes sources radioactives. (Lorsque le 
réacteur est de dimensions différentes de celles indiquées, nous les donnerons en bas de page.) 


Caractéristique des sources partielles 


hauteur = 20 cm 
Rendement 


Désignation et nombre des sources | annuel 
en tonne: 
Activité totale en : 


Diamétre en cm ; 
curies 


1 source linéaire de ®°Co* Négligeable 


1 source linéaire de ®°Co* Négligeable 


1 source linéaire de ®°Co* Négligeable 


1 source linéaire de ®°Co Négligeable 


1 source linéaire de 187Cs Négligeable 


2 sources linéaires de ®°Co a 6 cm de distance Négligeable 


2 sources linéaires de *°Co a 10 cm de distance Négligeable 


4 sources linéaires de ®°Co disposées en carré dont la . 
diagonale est égale 4 10 cm 


7 sources linéaires de ®°Co disposées en hexagone de 
cété 6 cm + source centrale Négligeable 


Cylindre creux de ®°Co 


Cylindre creux de 1°7Cs 


Cylindre creux de ®°Co 


Cylindre creux de 1°7Cs 


Cylindre creux de ®°Co 


Cylindre creux de 125 


Sphére de ®°Co | rayon = 11,6cm activité = 125 
—réacteur sphérique 
—rayon = 11,6 cm 
—volume 6,53 | 


Sphére de ®°Co | rayon = 8cm activité = 125 
—réacteur sphérique 


| 
—rayon = 11,6 cm 
| | —volume 6,53 1 
* Pour ces trois cas le diamétre du réacteur cylindrique était de 100 cm, ce qui fournit le rendement limite. Le 
volume est alors de 157 1. 


| 
| | 
125 | 5,55 
4 57 a | 32 | 1,47 
a | 16 | 125 | 1,49 
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o conversion 


par heure 


i r/mn 


1 10 100 1.000 10.000 


Fic. 9. Vitesse de polymérisation des monoméres purs en fonction de l’intensité des rayons y. 
Courbe 1: styroléne Courbe 3: méthacrylate de méthyle 
Courbe 2: acrylonitrile Courbe 4: chlorure de vinyle. 
Remarque: Ces courbes ont été obtenues a l'aide d’une dosimétrie basée sur G}** = 20,8; actuellement 
on admet plutét G7** = 15,5. 


gr polymére/h 


30 40 50 
Rayon du réacteur cm 
Fic. 10. Rendement d’une source linéaire unique en fonctio du rayonn du réacteur, pour des intensites 


de 125cur ( ), 500 cur (—--) et 2000 cur . Dans le 2éme cas, l’échelle des 
ordonnées doit étre multipliée par 2; dans le 3éme cas par 4. 
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trois courbes du graphique correspondent a 
trois activités différentes de la source: 125, 
500, et 2000 curies. 

On voit d’une part que le rendement 
s’'approche asymptotiquement d’une valeur 
limite, atteinte pratiquement pour 7 = 50 cm. 
On n’a donc aucun intérét 4 augmenter le 
rayon du réacteur au-dela de cette valeur. 

D’autre part, et c’est la un point important, 
quand l’intensité de la source augmente d’un 
facteur 4, la quantité de polymére formé 
augmente d’un facteur inférieur 4 2. Du 
point de vue de l'utilisation des sources il est 
donc préférable d’avoir plusieurs réacteurs 
avec des sources faibles, plut6t qu’un 
réacteur unique avec une source importante. 
Toutefois, le prix de revient de installation 
dépend encore d’autres facteurs et le prix de 
la protection, de la commande des sources 
etc ... peuvent au contraire favoriser 
lemploi de sources intenses. 

Le tableau 2 résume les rendements que 
nous avons trouvés pour différentes dis- 
positions de sources de ®°Co ou de *7Cs. 


2. Calcul de Distribution de Poids Moleculatres 


Pour calculer la distribution de _ poids 
moléculaires pour différents assemblages de 
sources linéaires nous avons procédé de la 
maniere suivante: 

En connaissant l’intensité dans chaque 
domaine délimité par deux courbes isodoses 
voisines, nous avons déterminé, a partir de 
la courbe expérimentale M = f(J), le poids 
moléculaire moyen du polyméthacrylate de 
méthyle qui y est formé. A partir de ce 
poids moléculaire moyen et en admettant 
que dans chacun des domaines partiels, la 
distribution intégrale des poids moléculaires 
est “‘idéale,”  c’est-a-dire décrite par 


Péquation (10) 
P 
= exp (—5) dP 


nous avons calculé le poids de polymére 
formé ayant un poids moléculaire compris 
entre 1 et 1000, 1 et 10.000, 1 et 100.000 et 
ainsi de suite. Ce calcul a été effectué pour 
tous les domaines et les poids de polyméres 
de différents degrés de polymérisation ont 
été additionnés pour tout le réacteur. Les 


résultats de ces calculs ont été représentés 
dans les fig. 11, 12, et 13 ob ont été également 
reproduites les courbes de distribution inté- 
grale pour un polymére possédant le méme 
poids moléculaire moyen que le polymére 
produit dans le réacteur, et une distribution 
“idéale.”’ 

On voit que pour un réacteur de 20 cm de 
diamétre la distribution “effective” est 
suffsamment proche de la _ distribution 
“idéale,’ méme dans le cas d’une seule 
source axiale, pour que le gain d’uniformité 
obtenu par l’emploi de 7 sources ne soit pas 
appréciable. 

Par contre dans le cas d’une source unique 
placée dans un réacteur de 50 cm de 
diamétre la contribution des polyméres de 
trés grand poids moléculaire (>4- 10°) est 
deux fois plus grande que dans un polymére 
a distribution “‘idéale.”” Dans ce cas l’utili- 
sation de 7 sources distribuées convenable- 
ment (distance entre les sources 37 cm) 
permet de remédier a cet inconvénient. 


1:0 


0-9 


08 


0-6 


Fraction en poids 


| | | 
| 


10° 10° 2x10° 3x10° 
Poids moléculaire 


Fic. 11. Courbes intégrales de répartition des poids 
moléculaires pour le polyméthacrylate de méthyle 
dans un réacteur de diamétre ¢ = 20 cm. 

1 source ou 7 sources (cf. légende fig. 5 pour 
caractéristiques) ( ). Répartition idéale 4 méme 

poids moléculaire moyen ( 
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_ 


° 
© 


Oo wn 


Fraction en poids 


| 


| 
| = 6 6 

10° 2x10” 310 8x10 9x10) 10 
Poids moléculaire 


Fic. 12. Courbes intégrales de répartition de poids moléculaire pour le méthacrylate de méthyle dans un 
réacteur de diamétre 100 cm. 


source unique 7 sources 
— ~-—- répartition idéale 4 méme poids moléculaire moyen que pour la source unique et les 7 sources. 


° 


Fraction en poids 
oO 


° 


° 


10° 10° 2x10° 3x10° 4x10° 5x10 
Poids moléculaire 


Fic. 13. Courbes intégrales de répartition de poids moléculaire pour le styroléne dans un réacteur de 
diamétre 100 cm. 
— @—@—®@ source unique —A—A—A sources 
—O—O—O répartition idéale 4 méme_ poids —A—A—A répartition idéale 4 méme poids molé- 
moléculaire moyen que pour la source culaire moyen que pour les 7 sources. 
unique 
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L’exemple du méthacrylate de méthyle 
étant mal choisi pour mettre en évidence 
Pinfluence de la répartition des sources sur 
la distribution des poids moléculaires (M.xp 
décroit plus lentement qu’avec la racine 
carrée de l’intensité) nous avons refait les 


mémes calculs pour le styroléne. La fig. 13 
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montre alors clairement que la distribution 
des poids moléculaires obtenue a l’aide des 
7 sources se rapproche sensiblement de la 
distribution “idéale,” tandis que l’emploi 
d’une source unique entraine une distribution 
considérablement différente de la distribution 
“idéale.” 
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Oxygen-containing organic compounds can be oxidized to yield CO, by HgCl, (or Cu,Cl, 
or Cl,) at 360-530°C. The carbon dioxide formed in this reaction has the same O!8 concen- 
tration as the original compound. This procedure has been tested and found to give the 
correct result on glucose, arginine, phenylalanine, tyrosine, benzamide, N-dinitropheny] 
phenylalanine, and glycine. 


Méthode de détermination de la teneur en !8O de l’oxygéne des composés organiques 


Les composés organiques oxygénés sont oxydés par HgCl, (ou Cu,Cl, ou Cl,) a 360-530°C 
pour donner CO,. Le gaz carbonique ainsi formé a la méme teneur en O!8 que le composé 
initial. L’expérimentation de ce procédé a fourni des résultats corrects pour le glucose, 
l’arginine, la phénylalamine, la tyrosine, le benzamide, la N-dinitrophénylalanine et la glycine. 


CoeqMHeHHA MOryT ObITh WO CO, 
HgCl, (umm CusCl, nam Cl,) mpu 360-530°C. mpm peaknun 
JIBYOKUCh yraepoya uMeeT TO COMepAaHHe O18 Kak MeTOT 
MCHbITaH M xXopoume pe3syabTaTbl C 


Eine Methode zur Bestimmung der Konzentration von 18O im 
Sauerstoff organischer Verbindungen 


Der Sauerstoff organischer Verbindungen wird mit Hilfe von HgCl,, Cu,Cl, oder Cl, bei 
350-530°C quantitativ in CO, iibergefiihrt. Die entstandene Kohlensdure enthalt 18O in 
gleicher Konzentration, wie die Ausgangsverbindung. Die Methode wurde iiberpriift und 
ergab richtige Werte bei den folgenden 18O-markierten Verbindungen: Glucose, Arginin, 
Phenylalanin, Benzamid, N-binitrophenyl-phenylalanin und Glyzin. 


* This work was supported in part by a grant from the American Cancer Society on recommendation of the 
Committee on Growth of the National Research Council and by a contract between the Office of Naval Research, 
Department of the Navy and Columbia University (ONR 26602). Reproduction of this article in whole or 
in part is permitted for any purpose of the United States Government. The H,O"* containing 1-3 atom per cent 
excess was obtained on allocation from the United States Atomic Energy Commission. 

+ Part of the work described was carried out while one of us (D. R.) was a guest of the laboratory of Dr. I. 
Dostrovsky of the Weizmann Institute of Science, Rehovoth, Israel. We are indebted to Dr. Dosrrovsky 
for many helpful suggestions and discussions. 
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INTRODUCTION 


Most practical methods for the determina- 


tion of the O18 concentration of oxygen in 
both organic and inorganic compounds 
finally involve the analysis of carbon dioxide 
in a mass spectrometer. From the relative 
intensity of the ions of mass 44 (C12O16Q18), 
mass 45 C8O16O!6), and mass 
46 (C2O16018, C18O16017, and C!20170!") 
the concentration of O!® can be calculated. 
Some compounds, such as the aromatic 
a-amino acids, yield CO, directly by 
pyrolysis,“ while others such as the organic 
acids do so if the silver salt is heated. In 
all cases the decarboxylation must be carried 
out in a water-free environment to avoid 
dilutions, since CO, readily exchanges its 
oxygen with water.) Indeed, this is the 
basis for the method of Coun and UReEy, 
who equilibrated normal CO, with O18 
water and then analysed the carbon dioxide. 
The only general method for the analysis 
of organic compounds has recently been 
proposed by von E. Doerinc and Dorr- 
MAN,“ who pyrolyse the organic compound 
in an atmosphere of nitrogen. The mixed 


gases are passed over carbon at 1120°C to 
convert all oxygen, regardless of its form, 
to carbon monoxide. The carbon monoxide 
is then oxidized to carbon dioxide by 
normal iodine pentoxide. In this procedure 


PROCEDURE FOR THE OXIDATION 


The oxidation takes place in tubes shown 
in Fig. l(a). These tubes, made from 8-mm 
Pyrex tubing, are preheated to 500°C for 
1 hour and then stored in a desiccator. 
Sufficient compound which on complete 
oxidation would yield 0-1 mM of CO, and 
50-100 mg of HgCl, is introduced. The 
mercuric chloride is best dried im vacuo 
and stored in a closed bottle in a desiccator. 
After being filled, the tube, thickened at 
point A to facilitate sealing off under 
vacuum, is evacuated to below 10-?-mm 
pressure and sealed at A. The tube is then 
heated for 1 hour. 

Above 350°C, HgCl, is partly dissociated 
to yield chlorine. Indeed, HgCl, is not 


only one of the two oxygen atoms is derived 
from the original compound. 

Looking for another method of converting 
the oxygen of organic compounds to carbon 
dioxide, we found a paper by MirscHER- 
LicH'®) in which he described the conversion 
of oxygen of organic compounds to carbon 
dioxide by heating with platinum tetra- 
chloride.* We devoted considerable time 
in an attempt to develop an analytical 
procedure based on this method, but without 
success. Pyrolysis of an authentic oxygen- 
free substance (m-terphenyl or copper 
phthalocyanine) with our platinum tetra- 
chloride gave an appreciable yield of carbon 
dioxide. It seems that the platinum chloride 
was not entirely free of hydroxyl (or water) 
radicals. 

Exploratory experiments showed that 
cuprous chloride and mercuric chloride 
would, at 380—510°C, give substantial yields 
of carbon dioxide from several O!8-labelled 
organic compounds. The O!8 concentration 
of the carbon dioxide was equal to that of 
the original compound, indicating that 
no dilutions from the oxygen of the silicates 
or adventitious impurities had occurred. In 
the absence of these metal chlorides, only 
negligible amounts of carbon dioxide were 
formed from most compounds tested. 


BY HsCl, OF ORGANIC COMPOUNDS 


essential for this reaction. It can be replaced 
by Cu,Cl, or by chlorine gas. 

The sealed tube is now transferred to the 
tube shown in Fig. 1(b) and a steel ball 
carefully put in position, as shown in the 
figure. The system is evacuated, the stop- 
cock closed, and the tip of the reaction tube 
broken. The tube is immersed in liquid air 
to condense the CO, and then any non- 
condensible gases pumped out. The liquid- 
air trap is now replaced by a dry-ice trap, 
the stopcock opened, and sufficient CO, 
admitted into the gas-handling system of 
the mass spectrometer to give measurable 
peaks at masses 46 and 44. 

The oxidation produces considerable 


* We are indebted to Dr. HERBERT ANKER, who called this interesting paper to our attention. 
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To mass spectrometer 


Steel 
ball 


12mm diam 


Fie. |. 


amounts of HCl, whose _ boiling-point 
(—82°C) is close to that of CO,. Since large 
amounts of HCl interfere with the analysis 
of carbon dioxide, it is desirable to remove 
this gas. This can be accomplished by 
placing several drops of quinoline on the 
inside wall of the containing tube. The 
quinoline (synthetic) is purified by dis- 
tillation and kept in a closely stoppered 
bottle over KOH pellets. After the break 
seal is opened, the gas is permitted to react 
with the quinoline for 2 min before freezing 


the CO, by liquid nitrogen. This procedure 
removes most of the HCl without absorbing 
the CO,. 5,6-Benzoquinoline* may be used 
instead of quinoline. In this case the 
benzoquinoline is melted and spread along 
the wall of the tube to form a thin film. The 
HCI is absorbed by this film in 2 min. It 
may be used for more than one sample. 

The effect on the analysis of varying the 
temperature and time of the oxidation is 
shown in Table 1. The results seem to be 
independent of the temperature or the time 
of oxidation. Even oxidation at 530°C for 
7 hours gives a value in good agreement 
with the mean of all the twenty-five 
determinations. Exchange with the oxygen 
of the silicates of the glass seems to be absent. 

The effect on the analysis of varying the 
amount of metal chloride used is shown in 
Table 2. The data show that Cu,Cl, 
and HgCl, give the same results. 

The analysis of a sample of tyrosine con- 
taining 1:25 atom per cent excess in the 
carboxyl group and normal oxygen in the 


TABLE 1. Oxidation of Glycine at 
Various Temperatures 


10-15 mg of glycine were taken for each sample 


| | 
Temperature Time O18 Concentration 
hr atom per cent excess‘ 


4-07 (4) 
3-94 (3) 
4-04 (2) 
3-70 (2) 
3-96 (1) 
3-86 (3) 
3-77 (3) 
3-82 (2) 
3-80 (2) 
25 | 3-90 (2) 
| 3-94 (1) 


Weighted average 3-90 + 0-10 


‘2) The numbers in parentheses indicate the number of 
analyses whose average is given. 

(‘») A reaction tube which had been used for another 
sample was used without removing residue of previous 
reaction. 


* We are indebted to Prof. H. T. CLarke for suggesting the use of this compound and for the preparation of an 


especially pure sample. 
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TABLE 2. Effect of Varying Amounts of HgCl, and 
Cu,Cl, on O1* Concentration found for a 


sample of Glycine 


15 mg glycine were taken in each sample— 


heated for 2 hours 


Amount of 
metal chloride 
taken 


Temp. 
of 
oxida- 
tion 


Pressure 

of non- 

conden- 
sable 


per cent 
excess 
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TABLE 3. Results of the Analysis of Tyrosine Con- 
taining O18 in the Carboxyl Group and Normal 
Oxygen in the Phenol Oxygen Atom 


16-5 mg of Tyrosine were used 


Temp. 


°C 


concentra- 
tion 
atom % 
excess!” 


| 
concentra- 
tion 
atom % 
excess!) 


gases‘) 


(mm) 
0 
10 mg HgCl, 
30 mg HgCl, | 
100 mg HgCl, | 
300 mg HgCl,”) 


20 mg Cu,Cl, 
50 mg Cu,Cl, 


| 4-06 + 0-03 


(2) The volume of the gas system is approximately 100 ml. 
‘) 8-mg sample of glycine used. 


phenolic oxygen atom consistently gave 
incorrect values when the oxidation tem- 
perature was low (see Table 3). At 325°C 
the data suggest that only the carboxyl 
group oxygen is converted to carbon dioxide. 
Increasing amounts of HgCl, had no effect 
on the isotope concentration of the CQ,. 
On raising the temperature of the oxidation, 
the O18 concentration of the carbon dioxide 
decreased. At 530°C a value close to theory 
was obtained (theory = 2/3 x 1-25 = 0-83 
atom per cent excess). Repetition with a 
tyrosine sample containing 6-35 atom per cent 
excess in the carboxyl group confirmed the 
above findings (see Table 3). 


325 
325 
325 
355 
420 
420 
420 
515 
515 
515 
530 
530 


1-28 
1-22 
1-30 
0-97 
1-12 
0-92 
0-93 
0-90 
0-84 
0-86 


5 


530 | 431 
530 | 1 4:32 
530 | 1 431 


‘) This sample of tyrosine contained 1-25 atom per 
cent excess O18 in the carboxyl group (determined by 
thermal decarboxylation). The O1* concentration of the 
entire molecule must be 2/3 that of the carboxyl group; 
2/3 x 1-25 = 0-83 atom per cent excess. 

‘) This sample of tyrosine contained 6-35 atom per 
cent excess in the carboxyl group. The O* concentration 
of the entire molecule must be 2/3 « 6-35 = 4-23 atom 
per cent excess. 


Our data show that while some compounds 
such as aliphatic acids and amino acids can 
be oxidized at relatively low temperatures 
(~350°C), others such as the phenols 
require higher temperatures (~530°C). 


PREPARATION OF STANDARD O-LABELLED COMPOUNDS 


(1) Glucose-1-O18. 1-8 grams of glucose 
were dissolved in 1-8 ml of 8-0 atom per 
cent excess O18,* a small drop of dilute 
NH,OH was added, and the solution 
sealed in a tube fitted with a break seal 
under 2l-cm pressure of carbon dioxide. 
The gas volume was 7-1 ml. The tube was 


kept at 100°C with shaking for eighteen 
hours. The tube was then opened and a 
sample of CO, taken for O18 analysis. The 
water was recovered by lyophilization. 
Glucose was recovered from the remaining 
syrup by solution in water and precipitation 
by addition of a large volume of alcohol. 


* We are indebted to Dr. I. Dostrrovsky, Director of the Isotope Division of the Weizmann Institute of Science, 


Rehovoth, Israel, for this water. 


| | | Amt. of | Time 
of gases | O#8 atom HgCl, 
| 
| 
| | | 0 | 
(mm) | 30 
ae. 4-09 50 | 
9 | 4-06 50 | 
19 50 | 
| = 100 | 
53 | 3-96 300 25 | 
| | 100 | 
| 
Le 108 
| 
| | 
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The water, after the exchange (by analysis 
of the CO,), contained 7:27 atom per cent 
excess. Since only the aldehydic oxygen 
should exchange under these conditions, 
the O'§ concentration of the glucose should 
have been 7-:27/6 = 1-21 atom per cent 
excess. The glucose analysed by the method 
described contained only 1-07 atom per cent 
excess O!l8. The analytical value suggests 
that about 13% of the O18 had been lost 
by back exchange to the normal sclvent 
during the isolation of glucose. 

To obtain an independent determination, 
the O!§ concentration of the isolated glucose 
was determined by back exchange to 
normal water. 221-2 mg of the O!8-labelled 
glucose (1-229 mM), 234-5 mg H,O (13-03 
mM), and 0-:15mM CO, were sealed in a 
tube and kept at 150°C for 42 hours. 
Under these conditions, the water, the 
oxygen at C, of glucose, and CQ,, all 
come to isotopic equilibrium. At the end 
of the experiment the CO, had an O!8 
concentration of 0-532 atom per cent 
excess, corresponding to an O18 concentra- 
tion in the oxygen of glucose of 


13-03 + 1:23 +2 x 0-15 
1-229 x 6 


atom per cent excess O!8. This is in good 
agreement with the HgCl, method (Table 4). 

(2) Tyrosine-COOH-O}8, 1 g tyrosine was 
suspended in H,O!* and dry HCl passed 
in until all the tyrosine dissolved. The 
solution was kept in a sealed tube at 100° 
for 48 hours. The solution was lyophilized 
and a 2-ml sample of the recovered water 
was analysed for O'* concentration by 
equilibration with CO,. The result showed 
the presence of 6-45 atom per cent excess 
O18 in the water. The residue from the 
lyophilization was taken up in alkaline 
water, decolorized with norite, and the 
solution adjusted to pH 7. The tyrosine 
which precipitated, after 1 hour at 0°C, 
was removed by filtration, washed with 
water and alcohol, and dried in vacuo over 
P,O;. A sample of this tyrosine was de- 
carboxylated by heating to 260°C in a 
mixture of diphenylamine and diphenyl- 
methane.“) The evolved CQO,, derived 


X 0-532 = 1-05 
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entirely from the carboxyl group of the 
tyrosine, contained 6-35 atom per cent 
excess O18, The tyrosine molecule as a 
whole therefore contained 2/3 x 6-35 = 4-23 
atom per cent excess O18. The results 
obtained by the HgCl, method is shown in 
Table 3. 

Another sample of tyrosine-O!® was pre- 
pared as above in 1-38 atom per cent 
excess O18 water. 

(3) Glycine-O18. Two grams of normal 
glycine were added to 5 ml of water 
containing 9-5 atom per cent excess O18 and 
HCl gas added until all the glycine went 
into solution. The mixture was sealed in a 
tube and kept at 125°C for 3 days. At the 
end of this period the water was removed 
by vacuum sublimation. The residue was 
dissolved in a small volume of water, the 
solution neutralized with lithium hydroxide, 
and the glycine precipitated by the addition 
of ethanol. After several hours at 0°C the 
glycine was removed by filtration, washed 
with alcohol, and dried in vacuo over CaCl,. 
Yield was 1-7 grams. The analysis of this 
glycine is shown in Tables 1 and 2. 

(4) Phenylaminobutyric acid-O18. ‘Two grams 
of dry HCl were dissolved in 10 ml of 
H,O!® (1-38 atom per cent excess). One 
gram of y-phenyl-«-aminobutyric acid was 
added and the mixture was kept at 100°C 
for 3 days. On cooling, the crystalline mass 
which precipitated was collected and re- 
dissolved in hot water. The solution was 
brought to pH 6 and cooled. The crystalline 
precipitate was washed with cold water and 
then dried zm vacuo over CaCl,. Yield was 
0-97 gram. 25 mg were decarboxylated in 
diphenylamine-diphenylmethane and_ the 
evolved CO, was analysed for O18. 1-28 
atom per cent excess was found. ‘The 
values by the HgCl, method are given in 
Table 4. 

In order to test the rate at which O1® 
would be lost from the carboxyl group by 
exchange to the solvent at body tempera- 
ture, two samples of this phenylamino- 
butyric acid were dissolved in 0-1 N-HCl 
and kept at 37°C for 6 and 22 hours. 
Reisolation and analysis by decarboxylation 
in diphenylamine-diphenylmethane gave 
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TABLE 4. Results on the Determination of O18 Concentration on Compounds Tested by the HgCl, Method 


Amt. taken for analysis 


O18 Compound 


Glucose-1-O18 


Tyrosine-COOH-O!8 


acid 


Phenylalanine 


N-Dinitrophenylphenylalanine 


Arginine 


Benzamide-O!® 


O18 Concentration 


By inde- | By 

pendent Hg Cl, 

method method 
atom per atom per 
cent excess | cent excess 


| 

| 

| 

| Temp. of Time of | 
oxidation oxidation 
| © hr 


1-08 
1-04 
1-06 
1-08 


4-32 
4:31 


I-32 
1-34 


* Chlorine gas was substituted for HgCl, in these analyses. 


values of 1-24 and 1-14 atom per cent excess 
O18 respectively. Exchange in acid solution at 
room temperature is slow; under the above 
conditions the rate is about }°% per hour. 

(5) Phenylalanine-O'8. Phenylalanine-O'®, 
prepared in the same manner as tyrosine-O!8, 
was decarboxylated in  diphenylamine- 
diphenylmethane at 260°C. The CO, con- 
tained 1-28 atom per cent excess O18 A 
part of this phenylalanine was treated with 
dinitrofluorobenzene in alkaline solution 
and the N-dinitrophenyl phenylalanine iso- 
lated by the usual procedures, taking care 
to avoid conditions which produce exchange 
of oxygen in the carboxyl group.* The 
dinitrophenyl phenylalanine should contain 
2/6 x 1-28 =0-43 atom per cent excess 


O18, The values found by the HgCl, 
method for both compounds are given in 
Table 4. 

(6) Arginine. Arginine-O1® was prepared 
by exchange with HCI—H,O!' and isolated 
by the usual procedures. 

The thermal decarboxylation of the 
aromatic amino acids in the boiling 1 : 1 
mixture of diphenylamine-diphenylmethane 
is very rapid.” In the case of phenylalanine 
and tyrosine a quantitative evolution of 
CO, occurs as soon as the temperature of the 
solvent rises to the boiling-point. It also 
occurs with other amino acids, though at a 
slower rate. In Table 5 are shown some 
results obtained by quantitative determina- 
tion of the CO, evolved after heating various 


* We are indebted to Dr. D. B. Sprinson for the preparation of this compound. 


5A 


= 
| | 
| | 
| 
cpd. HgCl, | 
mg | mg 
5 200 400 105 | 
5 200 | 400 
| 5 400 
13 100 510 l 4-23 
13 100 510 1 
10 100420 1-28 
10 100 «420 i | 
a — 100 410 1-25 1-28 1-29 
100 =| 410 1-25 1-30 
L | 2 175 375 1-75 0-43 0-40 . 
5/57 
100 420 0-99 
15 100 1-25 0-73 | 
400 1-25 0-73 
= 
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TABLE 5. Yield of CO, after heating the Amino Acid 
for 6 min in | : | Diphenylamine-Diphenylmethane 
at the boiling point of the mixture 


| Yield CO, 


Compound 
% theory 


Glycine 36-46 
L-Alanine 

L-Glutamic 

L-Aspartic 

L-Arginine*HCl 

L-Leucine 

L-Serine 

L-Threonine 

L-Phenylaminobutyric Acid 
Acetyl-L-Phenylaminobutyric Acid 
L-Phenylalanine | 100 


amino acids in boiling | : 1 diphenylamine- 
diphenylmethane for 6 min. 

The O18 arginine was decarboxylated in 
this mixture and the CO, evolved was 
condensed by liquid nitrogen and transferred 


to the vacuum line of a mass spectrometer 
for O18 analysis. The results by this method 
and by the HgCl, one are given in Table 4. 

(7) Other Compounds. We are indebted to 
Dr. D. SHeEmin for a sample of benzamide 
prepared from benzoic acid which contained 
0-71 atom per cent excess O18 (determined 
by analysis of CO, prepared by thermal 
decarboxylation of silver benzoate). The 
values obtained by the HgCl, method are 
given in Table 4. 

As a further test of this method, we have 
analysed a mixture of 14-5 mg of glycine-O18 
(0-98 atom per cent excess by the HgCl, 
method) and 45-2 mg of normal ¢e-benzyl- 
idene-«-benzoyl lysine amide. The O18 
concentration of the mixture was: Cal- 
culated 0-579, found 0-569 atom per cent 
excess. 

This method, though not tested for all 
classes of organic compounds, does seem to 
be generally applicable. 
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The application of standards of radioactivity for (a) determination of absolute efficiencies 
of detectors, (b) determination of long half-lives, and (c) determination of mean energies 
are reviewed. Most of the available isotopes are listed and methods of routine assay are 
suggested. The various types of detectors used for routine radioactivity assay in the laboratory 
are discussed and their efficiencies are evaluated. Techniques are suggested for the preparation 
of “laboratory standards” from the standards issued by the National Bureau of Standards. 
The use of simulated standards in both beta- and gamma-ray measurements is described. 


Les applications des étalons de radioactivité 


On passe en revue les applications des étalons de radioactivité (a) a la détermination de 
l’efficacité absolue des détecteurs, (b) 4 la mesure des longues périodes, (c) 4 la mesure des 
énergies moyennes. On donne la liste de la plupart des isotopes utilisables et on suggére des 


méthodes de mesure courante. Les différents types de détecteurs utilisés pour les mesures 
courantes de radioactivité en laboratoire sont discutés et leurs constantes évaluées. On suggére 
des techniques de préparation d’“‘étalons de laboratoire”’ a partir des étalons du National 
Bureau of Standards. On décrit l’utilisation d’étalons simulés pour les mesures de rayonnement 


Bety. 


IIpuMeHeHue DTAIOHOB 
Jian o630p 9TAOHOB JWIA: a) 
eTeKTOPOB, IPMMeHAeMBIX B mpakTuKe jlaeTCA CpaBHU- 
CTaH]apTHBIX 9TAaJIOHOB”’ Ha OCHOBe CTaHapToB, brwpo 
CranyapTos. cnoco6bl MpHMeHeHHA MOJeIbHBIX 9TAJIOHOB OeTa m ramMa- 
u3MepeHHAX. 


Die Verwendung von radioaktiven Standards 


Es wird ein Ueberblick iiber die Verwendung von radioaktiven Standards gegeben, (a) zur 
Feststellung des absoluten Zahlenausbeute eines Detektors, (b) zur Bestimmung von langen 
Halbwertszeiten und (c) zur Messung von mittleren Energien. In einer Tabelle wird ein 
Grossteil der erhaltlichen Isotope zusammen mit den jeweils in Frage kommenden Mess- 
methoden angegeben. Verschiedene Detektortypen fiir routinmassige Aktivitatsbestim- 
mungen in Laboratorien werden beziiglich ihrer Verwendbarkeit diskutiert. Methoden zur 
Herstellung von “Laboratorium Standards” aus Standards die durch das National Bureau of 
Standards bezogen werden kénnen, werden vorgeschlagen. Die Verwendung von angeg- 
glichenen Standards bei der Messung von kurzlebigen f- oder y-Strahlern wird beschrieben. 
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INTRODUCTION 


Determinations of the number of alpha 
particles emitted by radium per second per 
gram were first made in 1908 by RuTHER- 
FORD and GEIGER,” using their newly- 
developed spark counter, and by Sir JAMeEs 
Dewar,’ who measured the rate of pro- 
duction of helium from about 70 mg of 
pure radium chloride. In the same year, 
1908, REGENER‘) attempted to detect alpha 
particles quantitatively by counting the 
scintillations produced in ZnS. The deter- 
mination of the efficiency of the ZnS 
scintillation counter for alpha particles can 
therefore be considered to be the first direct 
application of a standard of radioactivity. 

Also in 1908, Soppy™’ measured the 
production of helium in purified uranium 
leading to a value for the half-life of the 
latter element. This standardization had a 
direct application in answering one of the 
oldest questions of mankind, namely, how 
old is the earth? Radioactivity and par- 
ticularly uranium provided a process wherein 
the rate of progress was independent of 
external physical or chemical conditions and 
in which the element was sufficiently long 
lived so as not to have decayed appreciably 
during the entire process. 

In 1912, Mosery,®) using RaB + C, 
determined that within his experimental 
error there was only one electron emitted 
per beta disintegration. This result, while not 
a standardization per se, forms an essential 
link in the interpretation of the subsequent 
results of and Woosrer,‘®) who 
determined the mean energy of Raf beta 
disintegration. To do this they measured 
in a sensitive calorimeter the total energy of 
a previously standardized sample of RaF. 

From the three primary applications of 
standards of radioactivity referred to above, 
namely (a) determination of absolute effi- 
ciencies of detectors, (b) determination of 
long half-lives, and (c) determination of 
mean energies, there have been derived 
today a number of related applications. 
There are measurements of absolute cross- 
sections, activation analyses, and activity 
measurements for medical, industrial, and 
military uses and uranium prospecting, all 


based on (a); measurements of historical and 
geologic dates, based on (b); and measure- 
ments of W (the energy expended per ion 
pair), electron penetration, and depth-dose- 
rate for medical applications, based on (c). 
The use of the C" half-life for historical 
dating has become an archaeological tool of 
extremely high resolving power, the latest 
and most important contribution being the 
accurate dating of the Dead Sea Scrolls. 

Of a certain nonscientific but pecuniary 
interest is the use of standards of radio- 
activity to determine the cost of radioactive 
material to the consumer. 

The National Bureau of Standards is respon- 
sible for the development, maintenance, and 
distribution of radioactivity standards in the 
United States and standards described in this 
paper originate from that laboratory. 

It is important to distinguish between the 
applications of radioactivity and the applica- 
tions of standards of radioactivity. Any report 
encompassing the former would be monu- 
mental, since most measurements of radio- 
activity involve only precise relative measure- 
ments. However, even in these cases, for 
radiation safety, for planning experimental 
details, and for ordering and disposing of 
active material, a knowledge of the dis- 
integration rates of the material is essential. 
The experimenter must account for all of 
the initial radioactivity in order to obtain 
a material balance in his experimental 
results. Thus the total efficiencies under 
differing experimental conditions of his 
various radiation detectors must be known. 
In this review a summary of the applications 
of standards of radioactivity will be presented. 
A large section will be devoted to suggested 
methods for the use of radioactivity standards 
for calibration purposes, and the various 
methods of measurement of radioactivity 
will be discussed. The remainder of the 
paper will be concerned with long-half-life 
measurements, historical and geologic dating, 
and measurements based on the mean 
energy of beta disintegration. The litera- 
ture references are by no means exhaustive 
but are representative of the applications of 
standards of radioactivity. 
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THE USE OF RADIOACTIVITY STANDARDS IN THE LABORATORY 


The total efficiency ¢« of a detector for a 
source prepared from a radioactivity standard 
is defined as: 

__ counts per second observed for source 


disintegrations per second in source 

(1) 
The total efficiency is compounded of the 
geometry (i.e. the fractional solid angle 
subtended by the detector) and the detector 
efficiency (i.e. the probability of a measurable 
response from a radiation striking the 
detector). 

Beta-ray solution standards distributed by the 
National Bureau of Standards are contained in 
flame-sealed glass ampoules and consist of approxi- 
mately 3 ml of an aqueous carrier solution of the 
active nuclide. A certificate specifies the disinte- 
gration rate per second per milliliter as of the zero 
date. Ampoules intended for use as gamma-ray 
standards contain an accurately known volume of 


solution (5 milliliters), and in these cases the total 
disintegration rate and the exact volume of solution 
at a given temperature are also specified. RaD + E 
reference sources, RaF alpha-ray standards, and 
U,O, alpha-ray standards consist of the active 
material already deposited on source-mounts. A 
complete list of standards of radioactivity presently 
available from the National Bureau of Standards 
has been given by W. B. Mann‘? in a previous 
issue of this journal. 

In Table 1 are listed most of the important 
radioisotopes, their decay properties, and the pre- 
ferred methods to be used in the laboratory for the 
routine assay of samples. Isotopes now available or 
shortly to be available as standards from the National 
Bureau of Standards are printed in italic type. 
The beta-ray energies available cover the range from 
the 18.9-keV spectrum of H® to the 3.58-MeV 
spectrum of K*. Gamma-ray energies cover the 
range from the 87-keV line of Cd! to the 2.758 MeV 
line of Na+, as well as the very low-energy X rays 
from the electron capturers such as Fe®® and Zn®, 


METHODS OF MEASUREMENT 


Table 2 lists the most general methods 
available for the measurement of alpha, 
beta, and gamma emitters, together with 
brief description of the counting conditions 
and the range of applicability of each 
method. In this connection the term BEA 
(Background Equivalent Activity) has been 
found to be a convenient method of ex- 
pressing the intrinsic sensitivity of a de- 
tector.) In all measurements of radio- 
activity there is a random background 
effect which must be subtracted from the 
observed reading taken with the source 
present. The magnitude of this back- 
ground, or more specifically the ratio of 
the source effect to background effect, 
may place practical time limitations upon 
the conduct of an experiment. It is for this 
reason that the term Background Equivalent 
Activity (BEA) was devised, this being the 
disintegration rate of the particular isotope 
‘ required to just equal the background reading. 

The 278 windowless gas-flow propor- 
tional counter is considered to be the most 
sensitive and versatile apparatus for the 
routine counting of all types of beta sources, 
followed closely by the 278 windowless 


electroscope. The well-type Nal scintillation 
the highest sensitivity for 


counter has 
gamma rays of any detector now avail- 
able.’® 1 With these instruments one can 
carry out almost any type of measurement 
involving radioactive materials. Where cost 
and trouble-free maintenance are over- 
riding factors, the electroscope and the 
end-window G-M counter are efficient 
substitutes for the windowless flow counter, 
and a cylindrical arrangement of several 
gamma-ray G-M counters surrounding the 
source can substitute for the well-type 
scintillation counter. For these substitute 
methods the BEA is, of course, increased, 
especially so for the gamma-ray arrangement. 

The liquid scintillation counter has 
recently come into limited use for the 
routine measurement of low-energy beta 
emitters. At the present time, under proper 
experimental conditions, it is possible to 
prepare a liquid scintillator which is more 
efficient than anthracene.“!) The most 
efficient liquid scintillator combination re- 
ported to date is approximately 4 g/1,2,5- 
diphenyloxazole (DPO) with 0.1 g/l. 1,4- 
di-(2(5-phenyloxazole) )-benzene (POPOP) 
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Taste 1. Preferred methods of measurement for selected radioisotopes 


Nuclide 


(MeV) 


Principal 
Ey (MeV) 


Suggested methods for routine assay* 


12.3 y 


6000 y 


Liquid scintillation counter; internal gas counter or 
ion chamber 

2B windowless counter; liquid scintillation counter; 
internal gas counter 


2.6 y 


15.0h 


27 windowless counter; well-type scintillation counter 


27P windowless counter; well-type scintillation counter 


14.3d 


87.1d 


27 windowless counter; well-type scintillation counter 
(Bremmsstrahlung) 
278 windowless counter; liquid scintillation counter 


4 x 108y 
35.0d 


278 windowless counter; liquid scintillation counter 
Internal gas counter 


“13 x 


12.44h 


22 windowless counter; well-type scintillation counter 


27f windowless counter; well-type scintillation counter 


1.12, 0.89, 
0.89, 0.32 
VKa 


152d 
85d 
27.8d 


27P windowless counter; liquid scintillation counter 
27 windowless counter; well-type scintillation counter 


X-ray counter; well-type scintillation counter; liquid 
scintillation counter 


0.84 CrKa 


MnKa 


291d 


2.94 y 


X-ray counter; well-type scintillation counter; liquid 
scintillation counter 

X-ray counter; well-type scintillation counter; liquid 
scintillation counter 


0.260 
0.460 
0.310 


1 
1 

3 


7 
3 


45.1d 


27 windowless counter; well-type scintillation counter 


27 windowless counter; well-type scintillation counter 


EC 
0.067 


CoK« 


X-ray counter; well-type scintillation counter 
2B windowless counter; liquid scintillation counter 


EC 
0.325 2-5%, 


EC 


1.11, Cuka 
0.511 

Complex 


X-ray counter; well-type scintillation counter 


X-ray counter; well-type scintillation counter 


B-1.36, 0.69 
B+1.53, 0.92 
0.465 


0.596 
0.547, 0.787 
Complex 


278 windowless counter; well-type scintillation counter 
27 windowless counter; well-type scintillation counter 


(0.716 
|1.822 
0.130 


1.081 


0.034 


27B windowless counter; well-type scintillation counter 
27B windowless counter ; well-type scintillation counter 
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TABLE 1 (continued) 


Nuclide 


Efmax (MeV) 


Principal 
Ey (MeV) 


Suggested methods for routine assay* 


EC 
1.46 


0.61 


0.51 


X-ray counter; well-type scintillation counter 

27f windowless counter; well-type scintillation counter 
(Bremsstrahlung) 

2z7f windowless counter; well-type scintillation counter 
(Bremsstrahlung) 


2.180 


0.371 
0.84 isomer | 


2 ap windowless counter; well-type scintillation counter 
(Bremsstrahlung) 


27 windowless counter; well-type scintillation counter 


0.160 
0.290 


ee 17 
0.698 


0.498 


27P windowless counter; well-type scintillation counter 
278 windowless counter; well-type scintillation counter 


278 windowless counter; well-type scintillation counter 


0.039 
Complex 


0.52 
0.62 
Complex 


2B windowless counter; liquid scintillation counter 
27P windowless counter; well-type scintillation counter 


EC 
EC 


0.087, AgKa 


X-ray counter; well-type scintillation counter 
X-ray counter; well-type scintillation counter 


0.850 
1.27 


0.255 
0.600 


0.382 


0.080 
0.364 
0.638 


27 windowless counter; well-type scintillation counter 


27 windowless counter; well-type scintillation counter 


0.602 
0.794 


2B windowless counter; well-type scintillation counter 


2B windowless counter; well-type scintillation counter 


0.661 
0.085, CsKa 


27P windowless counter; well-type scintillation counter 
X-ray counter; well-type scintillation counter 


0.442 
0.581 
0.300, 0.170 | 


0.141 


Complex 


278 windowless counter; well-type scintillation counter 
27P windowless counter; well-type scintillation counter 


3.0 


1% 


27 windowless counter; well-type scintillation counter 


0.067, NdKa 


X-ray counter; well-type scintillation counter 


0.778 
1.2 
0.336 


2B windowless counter; well-type scintillation counter 


27 windowless counter; well-type scintillation counter 
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TABLE 1 (continued) 


Principal 
E, (MeV) 


Nuclide 


Epmax (MeV) 


Suggested methods for routine assay* 


27B windowless counter; well-type scintillation counter 


278 windowless counter; well-type scintillation counter 


27 windowless counter; well-type scintillation counter 


27 windowless counter; well-type scintillation counter 


windowless counter 


276 windowless counter; liquid scintillation counter 


27 windowless counter; well-type scintillation counter 
(Bremsstrahlung) 


10-83% 


0.773 138.3 d 


2zP windowless counter; ZnS « scintillation counter 


Complex 1620 y 


4zy ionization chamber; well-type scintillation counter 


* The methods suggested are the most efficient. This does not preclude the use of the quartz fiber electroscope or 


the standard G-M counter for routine measurements. 


in toluene. Under carefully controlled 
conditions of solution preparation and 
measurement it has recently been possible 
to intercompare tritiated-water standards 
received from AECL, Chalk River, Canada, 
and LASL, Los Alamos, New Mexico, 
with the NBS tritiated water standard 
with a precision of a few tenths of 1 per cent. 
In this case a water : alcohol : xylene ratio 
of 1 : 50 : 250 was used in the system with 
4 g/l. DPO as the scintillating solute. For 
certain other tracer applications involving 
lower activities of material and therefore 
requiring the measurement of larger volumes 
of water, the use of dioxane as a solvent will 
permit as much as 25 per cent water to be 
incorporated into the measuring cell. 


Considerations in beta-ray calibrations 


To use beta-ray solution standards it is 
necessary to open the standard ampoule 
and to prepare a standard source for com- 
parison, or for calibration of a counting 
system. Assuming that the electronic equip- 


ment is suitable and the detector adequately 
stable, the following are the most important 
considerations 

(a) Source self-absorption. Most beta-ray 
solution standards distributed by the National 
Bureau of Standards have a minimum of 
total solids present, consistent with chemical 
stability and freedom from adsorption effects. 
In some instances, however, where the 
original material may be of low specific 
activity, as, for example, in the carbon-14 
solution standards, the absorption of beta 
rays from a dried source may be quite 
appreciable on account of the amount of 
solids present. Because of the low energy 
in the case of the carbon-14 beta spectrum 
(Emax = 155 keV), the observed counting 
rate will be a strong function of the amount 
of solids present as well as the method of source 
preparation. Even in the case of practically 
weightless deposits of cobalt-60 (Emax = 310 
keV), the author has reported‘®) as much as a 
10% difference in observed counting rate 
in a 478 counter, depending on the method 


0,250 | | 
0.530 Complex 115d | 
0.783 
| | 0.007, | | 
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TasLe 2. General methods of measurement for alpha, beta, and gamma emitters 


Detector 


Auxiliary equipment 
required* 


Types of sources | Range of applicability and BEAT 


. 2nf air-ionization 
chamber (recom- 
mended for secon- | 
dary standardiza- 
tion at a large in- 
stallation) 


. air-ionization 
chamber (recom- 
mended for secon- 
dary standardiza- 
tion at a _ large 
installation) 


. 278 windowless 
proportional flow 
counter (recom- 
mended for all 
beta-ray measure- 
ments on a routine 
basis) 


. Well type NaI 
scintillation 
counter (recom- 
mended for all 
gamma-ray 
measurements on 
routine basis) 


High-voltage supply, 

Vibrating-reed _electro- 
meter, or 

Lindemann-Ryerson 
electrometer 

Projector 

Calibrated condensers 

Voltmeter 

Stopwatch 


High-voltage supply, 

Vibrating-reed  electro- 
meter, or 

Lindemann-Ryerson 
electrometer 

Projector 

Calibrated condensers 

Voltmeter 

Stopwatch 


High-voltage supply 

Nonoverloading 
amplifier 

Discriminator 

Scaler 

90% argon, 10% 
methane or helium 
isobutane, or 100% 
methane 


Precision high-voltage 
supply 

Nonoverloading linear 
amplifier 

Discriminator 

Multiplier phototube 

Scaler 

Single-channel pulse- 
height analyser 


| Dried on planchet; 


liquid in glass or 


| metal cup forming 
| 


part of periphery 
of chamber 


Liquid in ampoule; 
test-tube inserted 
into re-entrant 


Dried on _planchet; 
liquid, in forma- 
mide or other low- 
vapor-pressure sol- 


stainless-steel cup 


| 

| Liquid in ampoule; 

| test-tube inserted 
into well. Source 
could also be ex- 


tions of *‘good”’ 
geometry 


vent, delivered to | 


ternal in condi- | 


Sensitive mainly to alpha and beta rays. 


Higher intensity gamma-ray sources 
can also be measured. Small self- 
absorption effects for low-energy beta 
emitters. BEA for P%? dried sources— 
0.001 wc. BEA for P*? liquid sources— 
0.01 yc. 


Beta rays are completely absorbed in 


walls. Ionization is due to brems- 
strahlung and to gamma rays. Big 
advantage is nondependence of reading 
on position or volume of source 
within the chamber. Can be used to 
compare high-energy beta emitters 
from bremsstrahlung measurements. 
BEA for I'*! in solution—1.4 wc. BEA 
for in solution—20 we. High- 
pressure chambers are more sensitive. 


Most sensitive method for beta-rays. 


Higher intensity gamma-ray sources 
can also be measured. The efficiency 
for beta rays is practically 100% over 
the central region, becoming 90% at 
periphery. Simple to operate and 
decontaminate. Alpha particles can 
be counted in presence of betas at 
lower voltages in the proportional 
region. BEA for P® dried source— 
0.0001 we. BEA for P® thick 
source—0.001 wc. BEA for C™ as 
liquid—0.001 juc. 


| 
| Beta rays are completely absorbed in 


walls of crystal holder. Light output 
to phototube is due to bremsstrahlung 
and to gamma rays. Most sensitive 
method for gamma rays. Tremendous 
increase in sensitivity over air-ioniza- 
tion chamber. Light output is directly 
proportional to energy absorbed— 
permits identification of isotopes by 
gamma photopeaks. Window pulse- 
height and analyser permits counting 
one photopeak to exclusion of others in 
mixtures of isotopes. Relatively inde- 
pendent of source position or size 
inside well. BEA for [* in 5-ml 
ampoule—0.0003 wc. BEA for Cr*! 
in 5-ml ampoule—0.003 wc. BEA 
for P®? in 5-ml ampoule—0.02 suc. 


* All equipment listed is available commercially in U.S.A. 
+ BEA: Background Equivalent Activity is a measure of the intrinsic sensitivity of a detector. It is the number of 
disintegrations per second of the particular nuclide that will produce an effect equal to the background effect. 
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TaBLe 2 (continued) 


Detector 


| Auxiliary equipment 


required* 


Types of sources 


Range of applicability and b.e.a.ft 


5. Liquid scintilla- 


tion counter (re- 
commended for 
double beta- 
labeling experi- 


ments. Useful but | 


not essential for 
low-energy beta 


emitters and elec- 


tron capturers) 


. Mica end-window | 


G-M counter 


(lower-priced sub- | 


stitute for 27f 
windowless 
counter) 


. Thin window 
argon, krypton, or 
xenon X-ray 
counter (specifi- 
cally for use with 


electron-capturing 


nuclides) 


. Quartz-fiber elec- | 


troscope (lower- 
priced substitute 


for window- 


less counter) 


9. Internal gas G-M 


counter 


Precision high-voltage 


supply 


Nonoverloading linear 


amplifier 
Discriminator 
Multiplier phototube 
Scaler 
Single channel pulse 
height analyser 


High-voltage supply 
Scaler 


High-voltage supply 
Linear amplifier 
Discriminator 
Scaler 
Single-channel pulse 
height analyser 


70-volt battery for charg- 


ing. 
1.5-volt battery for pilot | 

light 
Stopwatch 


High-voltage supply 

Scaler 

Chemical conversion 
system 


Liquid incorporated 


into solution of 
scintillator as 
water-alcohol- 
toluene, water- 
dioxane, or an or- 
ganic tagged mole- 
cule such as C}4- 
benzoic acid 


Dried on _planchet; 


liquid in glass or 
metal cup directly 
below window 


Dried on _ planchet; 


liquid in glass or 
metal cup directly 
below window 


Dried on _planchet, 
on slide mounted | 
external or inter- | 
nal to electroscope. 


Internal liquid 


sources not recom- | 


mended due to 


difficulty in decon- | 


tamination 


Isotope converted to 
inert or counting © 
gas; small amount | 
present in vapor | 


phase so as not to 
interfere with 
operation 


Useful for measurement of low-energy 
beta-emitters such as and C!4 
and electron-capturing nuclides such 
as Cr®!, Ni5®—eliminates self- 
absorption effects. Useful for double- 
and triple-labeling experiments be- 
cause of linear response to energy 
absorbed. Can discriminate between 
«’s and f’s. BEA for H3O in 5-ml 
cell—0.01 wc. BEA for C4 benzoic 
acid in 5-ml cell—0.004 yc. 


Almost as sensitive to betas as 278 flow 


counter. 100% sensitive to electrons 
entering sensitive volume. Air and 
window absorption lower efficiency for 
low-energy beta emitters. Does not 
discriminate between «’s and f’s as in 
27 flow counter. Efficiency for gamma 
rays same as 27f flow counter (1-2%). 
Halogen self-quenching tube gives 
indefinite, trouble-free service. Stan- 
dard shelf arrangement gives repro- 
ducible geometry. BEA for P®? dried 
source in top shelf position—0.0001 yc. 


Makes use of critical or near-critical 


absorption of gas for X-rays near 
critical absorption limit. Useful for 
pure electron-capturing nuclides. Win- 
dow-absorption reduces efficiency for 
low-energy X-rays. Linear response 
makes identification and differential count- 
ing of mixtures of gamma-emitting 
isotopes possible. BEA for Fe dried 
source—0.0003 yc. 


Very-low-capacity system slightly more 


sensitive to internal beta sources than 
air-ionization chamber. Low 
sensitivity to gamma rays. Displace- 
ment of fiber is slightly nonlinear. 
Excellent for relative measurements 
over same region of scale. Simple, 
trouble-free operation with care. Can 
be used for low-energy beta emitters 
with same precautions as 27f air- 
ionization chamber and for higher 
intensity external gamma _ sources. 
BEA for dried source—0.001 suc. 


Useful in some cases for routine analyses 


of tritium or carbon-14 where material 
can be converted to gaseous phase. 
Can also be used for counting small 
amounts of THO as vapor. 100% 
efficient for beta particles. Small end 
and wall effects. BEA for C1 or 
C¥4O,—0.00003 jc. 
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Table 2 (continued) 


| Auxiliary equipment 


Detector | required* 


Types of sources 


Range of applicability and BEAT 


High-voltage supply 

Vibrating-reed 
electrometer 

Chemical conversion 
system 


10. Internal gas ioni- 
zation chamber 


Precision high-voltage 
supply 

Linear amplifier 

Discriminator 

Multiplier phototube 

Scaler 


. ZnS alpha scintil- 
lation counter 
(used where f or y 
counting rates in- 
terfere with « de- 
tection) 


Isotope converted to 
gaseous phase 


Dried on planchet 


Less sensitive than internal gas counter. 
However, the technique is less critical 
as to the type of gas present. Good 
G-M characteristics are not required 
so that larger amounts of the isotope 
as a gas may be counted. Sensitivity 
similar to 27 air-ionization chamber. 
BEA for as C4#O,—0.001 


Detects «’s in presence of high intensity 
f’s and y’s. Efficiency is practically 
100% for « particles striking ZnS film. 


of preparation of the source. This was 
later confirmed independently by D. B. 
SmirH and A. M. It is 
therefore suggested in the cases of low- 
energy beta emitters that comparison sources 
be prepared from carrier solutions of nearly 
identical solid concentrations when low to 
medium solid sources are desired. Otherwise 
“infinitely” thick liquid or solid sources 
should be prepared. The 278 gas-flow 
proportional counter has almost 100% 
efficiency for a beta particle entering the 
sensitive volume. A method of counting, 
using this type of counter for infinitely thick 
liquid samples is described by A. ScHWEBEL 
et The radioactive material is 
dissolved in formamide, an organic solvent 
having a very low vapor pressure compared 
with water. A diluting solution of formamide 
containing 1% carrier is prepared. The solu- 
tion to be standardized is then diluted by a 
factor of 100 with the formamide carrier 
solution to reduce the water concentration to 
1%. At this low concentration water vapor 
does not appear to change the counting 
characteristics of the 27 flow counter. 
Usually 1 ml of the 1% solution is pipetted 
into a stainless-steel cell. The counting rate 
is proportional only to the solution activity 
and to the area of the cell. If the volume and 
hence the depth ofsolution is always the same, 
any effects due to gamma rays will be 
constant. Thus the formamide method of 


liquid counting can also be used for beta 
emitters that have accompanying gamma 
rays. 

“Infinitely” thick solid samples can 
be prepared uniformly from slurries of 
active material containing carrier. Care 
must be taken in the use of slurries or 
partial digestions or wet ashings because of 
slight differences in self-absorption and 
scattering due to adsorption on glassware, 
changes in deposition of colloidal particles 
and possible settling. It may be necessary to 
stir the sample continuously or to use 
rotating planchets to average differences in 
concentration over the source. Even in the 
cases of the infinitely thick solid and liquid 
sources it must be remembered that the 
effective atomic number of the material will 
to some extent determine the amount of self- 
scattering and therefore the self-absorp- 
tion.7817) In order to obtain reproducible 
measurements the chemical compositions of 
the samples being compared must be as alike 
as possible. For example, if identical areas 
of infinitely thick sources of sodium carbonate 
C14 and barium carbonate Cl are compared, 
the barium-carbonate C* will give the 
higher reading even though the sources have 
the same specific activity. For beta emitters 
of Emax greater than 300 keV the problem of 
source self-absorption is not soimportant, and 
samples can be intercompared by drying 
aliquots on planchets and inserting these in 
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position in the 27 flow counter. However, 
there is yet another important consideration. 

(b) Backscattering. For the routine analysis 
of dried samples of material various workers 
have used planchets or cups made of 
aluminum, glass, copper, stainless steel, 
palladium, or platinum, on which aliquots 
of solution were dried. The conditions of the 
experiment and the economic limitations of 
the cost of sample holders will determine the 
type of backings used. In any case, one must 
carry out all the measurements using the 
same type of backing, since the back- 
scattering of beta rays is dependent on the 
atomic number of the backing material. 
This Z-dependence has been investigated for 
both electrons and positrons.“®) 

Under certain conditions the use of a 
nonconductor such as glass as a source 
backing can induce electric charges inside 
a counter. We dry the sources on palladium- 
faced silver discs. Palladium is less expensive 
than either gold or platinum, is close to 
silver in atomic number and therefore in 
backscattering properties and, unlike alu- 
minum, copper, and steel, is inert to most 
acids and bases. 

(c) Low solids source preparation. For the 
delivery of a small-volume sources there is 
available a delivery-type mercury-displace- 
ment ultra-microburet™®) that can deliver 
quickly and precisely volumes of solution as 
small as 0.01 ml with an accuracy of 0.05%. 
No particular problems are encountered in 
the preparation of most medium and high- 
energy beta sources. The technique of 
air-drying at room temperature has been 
quite satisfactory. For low-energy beta 
emitters and even in those cases of the higher- 
energy beta-emitters such as NaCl and 
Sr®°Cl,, which form crystalline salts, it is 
necessary to prepare sources carefully to 
avoid self-absorption effects. Methods that 
are employed to obtain minimum self- 
absorption include freeze drying, precipita- 
tion by addition of specific salts (such as 
AgNO, added to Nal?*! solutions to pre- 
cipitate AgI), and slow evaporation in a 
saturated ammonia atmosphere,‘® in which 
ammonia induces precipitation in the form 
of an ammonia complex. 


Considerations in gamma-ray calibrations 

Except under special conditions, it is not 
intended that a gamma-ray solution standard 
be opened or destroyed. The following 
procedure is suggested for the application of 
a 5-ml gamma-ray standard. A stock solu- 
tion of the same isotope is diluted so that 
5 ml of the final dilution contains approxi- 
mately the same activity as the standard 
ampoule. A “laboratory standard”? ampoule 
of the same dimensions as the standard 
ampoule is prepared containing an accurately 
known volume close to 5 ml. The laboratory 
standard is then compared directly with the 
primary standard under identical conditions 
of geometry, e.g. in a well-type scintillation 
counter, thus standardizing the entire solu- 
tion. In this way the radioactivity standard 
can be retained as a check on further solu- 
tions, or in case of any doubts as to chemical 
stability or losses from the solutions used for 
the actual experiments. The detector 
efficiencies can be determined again as in 
equation (1) from the newly-prepared 
“laboratory standard” or else other types of 
special sources can be prepared from it. 

Some electron-capturing nuclides such as 
Mn*, Zn® and Cd?° have nuclear gamma 
rays associated with their decay. These there- 
fore can be used for standardization in the 
same manner as other gamma-ray emitters. 
Other electron capturers, such as Fe®*, and 
Ni®*, have only low-energy daughter-atom 
X rays associated with their decay. In these 
latter cases the method of measurement may 
involve the opening of the ampoule for the 
preparation of dried sources on planchets for 
X-ray counting and 27f counting, or for the 
preparation of liquid sources for liquid 
scintillation counting. The same precautions 
should be observed here as for the low-energy 
beta emitters. 


Simulated standards 

It is sometimes advantageous in the cases 
of the short-lived radioactive nuclides to have 
available a simulated standard with which 
intermediate checks can be made of the 
detectors and of the total efficiency during 
the course of an extended experiment. A 
RaD + E reference source (7'\;2 = 22 years) 
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serves this purpose adequately for beta- 
emitters in the medium- and high-energy 
range. 

It can further be used as a means of 
standardization which is accurate to 
+5-10% for isotopes whose beta spectra are 
not too dissimilar to the Ra£ beta spectrum. 
The procedure briefly is as follows: An 
unknown source is prepared from a stock 
solution on a palladium-faced silver disc 
similar to the standard disc, and an absorp- 
tion curve in aluminum is obtained for each 
source with, say, an end-window beta-ray 
G-M counter in a fixed geometry. Extra- 
polation of these curves to zero total absorber 
will correct to a first approximation for the 
differences in the beta energies and for 
slight differences in geometry from one 
calibration to the next. Since the back- 
scattering in the energy range 300 keV to 
1.7 MeV is independent of the energy 
distribution, one may assume that the frac- 
tional backscattering for the unknown source 
and for the RaE£ beta rays is the same. The 
disintegration rate of the unknown source is 
given by 


__ c/s zero total absorber (unknown) 
c/s zero total absorber (RaD + E£) 


x RaD + E disintegration rate 


(2) 


The RaD + £ disintegration rate is given on 
the certificate accompanying the standard 
and represents the total namber of RaD 
disintegrations per second contained in the 
source. Thirty days after preparation of the 
standard the RaF£ will be in equilibrium with 
the RaD. Therefore this number is also the 
disintegration rate of the RaE. The use of a 
minimum of 6 mg/cm? of total absorber 
between the source and the counter will 
insure that there is no contribution from 
either low-energy RaD beta rays or from 
the RaF alphas which are also present. 

The method can be made exact by 
performing the above measurements using 
as an “unknown,” a source prepared from a 
standard solution of the isotope. In this case a 
reference number for the isotope can be 
assigned to the RaD + E source, as in 
equation (2) 

6 


RaD + E Reference Number 
= Activity of Standard Source 


(C/S) (RaD + E) (3) 


(c/ S extrapolated (Std. Source) 


These reference numbers may be slightly 
different for each isotope. Once more it 
should be emphasized that the very important 
considerations of stability of electronic equip- 
ment, technique of source measurement, and 
statistical design are always present, although 
they are not discussed in this paper. 

In some cases there exist long-lived beta 
emitters whose beta spectra are nearly 
identical to those of the short-lived isotopes. 
Sources prepared from these long-lived beta 
emitters can be assigned reference numbers 
as in equation (3), with the simplification 
that the absorption curves in aluminum are 
parallel, i.e. the ratio at only one thickness 
of absorber is necessary. A. H. ATEN, jr.,'?° 
using end-window G-M counters, has found 
that the absorption of Na positrons is the 
same as that of I1*! electrons up to 90 mg/cm? 
of aluminum absorber, and that Tm!7° 
electrons are absorbed in the same manner as 
Au!®8 electrons between 20 mg/cm? and 
100 mg/cm? of aluminum absorber. At the 
present time there is a sufficient range of 
energies of beta-ray standards available for 
use as simulated standards, so that practically 
any beta emitter can be standardized to 
+10% routinely in the laboratory. Mixtures 
of fission-product nuclides can be assayed, 
using T]?° as a simulated standard.*!.®) 

There are several simulated gamma-ray 
standards available, the most notable of 
which is the “Mock standard developed 
by M. Brucer.*) In this case an empirically 
determined mixture of and 
produces, with proper filtration, a gamma- 
ray spectrum almost identical with that of 
isotopic 1131, Two sets of such “standards” 
have been “‘standardized” in a 4zy ioniza- 
tion chamber by direct comparison with 
previously standardized in the 
counter. The long half-lives of the Ba! 
and the Cs}8? will permit the simulated 
standards to be used for approximately ten 
years before there is much change in the 
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spectrum due to the differences in decay. 
Not only is a long-lived simulated standard 
advantageous as a check on calibrations 
during the course of an experiment, but the 
material can be incorporated into actual 
phantoms and into various organ shapes in 
order to serve as a reference in, say, iodine- 
uptake studies in human beings. At the 
present time such simulated standards of I}4 
are being used throughout the United States 
in intercomparisons of I}! uptake measure- 
ments, in an effort to make diagnoses more 
precise and to standardize the method of 
measurement. 

Another example of the use of a simulated 
standard for gamma rays is that of Co®®, 
whose gamma rays are suitable for the 
standardization of Fe®®, Na**, and Zn®. 
Since the response of a NalI(Tl) crystal is 
dependent upon the energy of the gamma 
rays being detected, it is possible, using 
previously standardized nuclides having 
widely separated gamma-ray lines associated 
with their decay, to determine empirically 
a smooth curve of response per unit activity 
versus energy for a given NaI (T]) scintillation 
counter.) With this smooth curve it will 
then be possible to standardize by inter- 
polation or extrapolation gamma emitters of 
practically any energy. This will be of 
especial interest to nuclear spectroscopists 
and those interested in determining absolute 
gamma-ray yields from nuclear reactions. 


Complex standardization procedures 

There arise many cases in which standardi- 
zations are to be made of mixtures of radio- 
isotopes. Fission products, for which Tl? 
serves as a simulated standard,!?*) are an 
example of a mixture being standardized by 
means of a single average standard. In 
other cases, mainly in medical and biological 
research, the simultaneous use of two or more 
different tracers is of great assistance to the 
researcher. In this way the effects to be 
observed separately with each tracer isotope 
have had the same host under exactly the 
same experimental conditions. Double-label- 
ing experiments involving H? and C1* make 
use of the difference in the beta spectra of 
these two nuclides. The method of measure- 


ment involves (a) incorporating the samples 
in a liquid-scintillator solution and (b) a two- 
channel pulse-height analysis of the observed 
pulses. The relative positions and widths of 
the two windows of the two-channel pulse 
height analyser are adjusted, using standard 
solutions of the isotopes, so that most of the 
H? counts occur in the lower window and 
most of the Cl counts occur in the upper 
window. With the H*® and C"™ standard 
solutions the channels and the response can 
therefore be calibrated and the overlap 
reduced to a minimum. A description of the 
simultaneous use of Na** and K* as tracers 
is given by J. F. Tarr and E. S. Witxrams. (2°) 
One method of separating the components 
of a mixture of beta emitters is the graphical 
analysis of beta-absorption curves.?® In 
reference 26 a table of the semi-logarithmic 
slopes of a large number of beta emitters 
relative to P32 and Ca*® is given. 

A number of isotopes emit several gamma 
rays with different energies. In these cases 
the various gamma rays can be separated, 
using the well-type scintillation counter with 
pulse height analysis. Similarly, mixtures 
of gamma-emitting isotopes can be separated 
by counting under the photopeaks corre- 
sponding to the most suitable gamma rays. 
By means of an efficiency curve obtained 
with gamma-ray standards the components 
of the mixture can be analyzed quantita- 
tively. The simultaneous use of Cr*!-Fe*® 
and Na*-K* samples is described by 
Hive al.27) A similar application of the 
energy dependence of the light output of the 
NalI(T1) crystal was made by Upson et al.‘®) 
in counting Pu®’® gamma rays in the presence 
of fission-product gamma rays. 


Bremsstrahlung 

In addition to its versatility and high 
efficiency for nuclear gamma rays, the well- 
type scintillation counter can be used to 
compare beta sources by measurement of 
the internal and external bremsstrahlung. 
R. Loevincer and S. have 
recently described a method of counting P%? 
routinely by means of the bremsstrahlung 
from solutions of the isotope in a well-type 
Nal(Tl) crystal. The efficiency is given as 
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0.8 count per 100 disintegrations. For a beta 
emitter an approximate expression for the 
energy radiated as _ bremsstrahlung,‘?® 
measured in MeV per beta ray, is 


B= 1.23 x 10-*(2 + 3)E3, (4) 


when Z is the effective atomic number of the 
material in which the beta particles are 
brought to rest. As a rule of thumb, 85% of 
the total intensity of bremsstrahlung from a 
beta emitter in the range 0-0.3Emax, in the 
ratio 45 : 25 : 15 for 0-0.1 Emax, 0.1-0.2Emax, 
and 0.2—0.3Emax, respectively. From equa- 


tion (4) the energy lost per disintegration from 
sulfur-35 (Emax = 166 keV) would be one- 
hundredth that of phosphorus-32. In addi- 
tion, 45°% of the bremsstrahlung would have 
energies less than 16 keV, and would there- 
fore be highly absorbed in the housing of the 
scintillation crystal. The technique should 
therefore be used for the higher-energy 
beta emitters. The only disadvantage of the 
method of measurement is its extreme 
sensitivity to gamma-emitting impurities, 
although this can be turned into an asset in 
the determination of radiopurity. 


DETERMINATION OF ABSOLUTE EFFICIENCIES OF DETECTORS 


A number of examples of the use of beta- 
and gamma-ray standards for the determina- 
tion of the absolute efficiencies of detectors 
have been reported. SmirH, SELIGER, and 
Steyn‘) have used standardized solutions of 
determine the absolute efficiency of the 47 
crystal scintillation counting technique 
for beta rays of varying end-point 
energies. 

Gamma-ray standards have been applied 
to the absolute calibration of experimental 
equipment used to investigate Coulomb 
excitation of nuclei. $TEmMMER and 
HEYDENBERG 2,33) and Face e¢ have 
made use of the gamma-rays from standards 
of sodium-22, iodine-131, cerium-141, and 
gold-198 in order to calibrate their equip- 
ment and so determine absolute gamma-ray 
yields. In the Coulomb excitation experi- 
ment a very thin layer of the target material 
is laid on top of a sodium-iodide (T1) crystal 


and is bombarded with alpha particles or 
protons. ‘The gamma rays emitted from any 
low-lying excited levels are then detected by 
means of a scintillation spectrometer. To 
determine the absolute efficiency, a standard- 
ized gamma-ray source of the same size as 
the beam cross-section is delivered to the 
target material. The ratio of source strength 
to area under the photopeak then yields one 
point of an absolute photopeak efficiency 
curve. A similar application has been made 
by C. P. Swann and F. R. Merzcer'**) for 
the absolute calibration of their gamma-ray 
detectors. These were used in investigating 
the cross-sections for the production of 
isomeric states excited in nuclei by inelastic 
scattering of monoenergetic neutrons. 
R. E. Herr and W. F. Lissy® have 
measured absolute cross-sections for deuterons 
on beryllium from absolute measurements of 
the disintegration rate of the tritium produced 
in the reaction. 


DETERMINATION OF LONG HALF-LIVES 


In determining the half-life of a radio- 
active nuclide by counting measurements for 
several half-lives, the familiar relationship 


N(t) = Nye-* (5) 
is reduced to 
In AN = In AN, — At (6) 


and the disintegration constant 4 is found 
from the slope of a linear plot, whence the 
half-life 7’ is given by 


T (7) 


When it is impracticable to measure for a 
sufficiently long period, the disintegration 
constant can be obtained by using the more 
fundamental decay law: 


—dN |dt = (8) 


If the half-life is so long that the disintegra- 
tion rate dN /dt of a sample does not change 
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appreciably during a measurement, 4 can 
be deduced from a knowledge of WN, the 
number of nuclei present at the beginning 
(or end) of the experiment. 

For isotopically pure elements such as 
radium the determination of N can be made 
by gravimetric means or in other isotopes by 
quantitative conversion to the gas phase and 
a subsequent measurement of pressure under 
defined volume and temperature conditions. 
In most cases, however, isotopic analysis by 
means of the gas-density balance or the mass 
spectrometer is necessary, in addition to 
quantitative gas conversion, due to the 
presence of isotopes. 

The determination of the half-life of 
carbon-14 is an example of these latter 
procedures. The carbon-14 half-life is of 
particular importance in archaeology for the 
accurate dating of organic relics. In principle 
the procedure for the determination of the 
half-life is as follows: 

A sample of, say, C!*-tagged carbonate is 
converted quantitatively to carbon dioxide. 
A small but accurately-known fraction of 
this gas volume is mixed thoroughly with an 
appropriate counter gas at a definite pressure, 
and the sample is counted with 100% 
efficiency. Appropriate end and wall correc- 
tions are made as discussed previously. The 
quantitative combustion and the final pres- 
sure and volume measurements give the 
total number of molecules of carbon dioxide 
within the sensitive volume of the counter 
but do not differentiate among C??, C18, and 
C4, The isotopic abundance ratio of the 
carbon-dioxide gas must then be determined 
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in the mass spectrometer or in the gas 
density balance. Since the quantitative 
count in the gas counters is due only to C4 
and the isotopic abundance ratio yields 


+ Cl3 + Cl4) we have 
and N(C!*) as required by equation (5). 


At the present time the reported values of the 
carbon-14 half-life range from 5360 years‘$7) to 
6360 years.‘38) Fresh measurements are proposed, 
using various counting methods as described by 
W. B. Mann‘? and using 40°% abundant carbon-14 
(instead of the 4% abundant material used pre- 
viously) to reduce errors caused by isotope fractiona- 
tion in the mass spectrometer. 


In an analogous manner to the carbon-14 
half-life determination, Jones®) has used a 
disintegration-rate standard of tritium to 
determine the half-life of tritium. In this 
case the isotopic abundance ratio measure- 
ment can be quite accurate because of the 
large relative differences in the atomic 
weights of the hydrogen isotopes. 

A determination of the half-life of 
potassium-40 has recently been made by 
S. D. SurrLe and W. F. Lipsy. In this 
case the gamma rays from a standardized 
sample of cobalt-60 were used to determine 
the absolute gamma efficiency of the experi- 
mental arrangement, a known amount of 
cobalt being homogeneously incorporated 
into the sodium-carbonate sample. A small 
correction was necessary for the differences 
in gamma-ray efficiencies of their counters 
between the 1.17- and 1.33-MeV gamma rays 
of cobalt-60 and the 1.46-MeV gamma-ray 
from argon-40. 


HISTORICAL AND GEOLOGICAL DATING FROM HALF-LIVES 


The constancy of the disintegration 
constant of any group of nuclei, independent 
of external physical or chemical environment, 
forms the basic assumption of all age deter- 
minations based on radioactivity decay. 
From investigations of pleochroic halves in 
mica it has been shown that the ranges of 
alpha particles from a number of natural 
radioactive species have always remained 
constant. Since it has also been shown, both 
empirically! and _ theoretically?:4) that 


the decay-constant is uniquely related to the 
energy and therefore to the range of the alpha 
particles (log 4A =a-+ bE), it follows that 
the decay-constant has not changed. In 
particular, it is 1.54 x 10-1° year— for U88, 
corresponding to a half-life of 4.49 x 10° 
years. 

With this constancy definitely established, 
the half-life becomes a unit of time measure- 
ment. For example, in the naturally occur- 
ring uranium there are eight successive 
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alpha transformations from uranium-238 
to lead-206. Each alpha particle at the 
end of its range becomes a helium atom, and 
since | cm? of helium contains 2.687 x 1019 
atoms, it can readily be shown that 1 gram 
of uranium-238 in secular equilibrium with 
all daughter products produces 1.16 x 10-7 
cm? He per year. 

Assuming no loss of daughter products, 
the age of the rock is given by 


Volume of He in cm? 
Mass of U?88 in grams 


< 8.6 million years. 


Alternatively, the age can be determined 
from the Pb?°*/U?8 ratio, the Pb®®?/U** ratio, 
the Pb?°8/'Th?? ratio, or the Pb?°*/Pb? ratio. 
In each of these cases no loss of daughter pro- 
ducts must have occurred between the time of 
formation of the rock and the time of 
measurement. A review of this field and a 
fairly complete reference list can be found 
in references 44 and 45. 

Near the other end of the dating scale is 
the carbon-14 method developed by Lissy.‘¢® 
In this case the time unit is 6,000 years 
instead of 4.49 x 10® years. There is an 
important further qualification to the funda- 
mental assumptions of constancy of decay, 
however. In the naturally radioactive series 
the material is incorporated into the rock 
and the quantitative amount of decay is 
measured. Carbon-14 on the other hand 
is a relatively short-lived isotope produced 
by cosmic-ray bombardment in the reaction 
N14(n,p)C14.. Only under the further assump- 
tion that the intensity of cosmic rays has 
been constant throughout the dating period 
is the carbon-14 dating method applicable. 
Living organic matter exchanges carbon 
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dioxide with the atmosphere which is in 
equilibrium with the CO, produced in 
the atmosphere by cosmic rays. When the 
organism dies, the CO, already present 
is trapped, and loss of Cl by decay is no 
longer compensated for by exchange of 
carbon dioxide. The ratio of the amount 
of Cl per gram present in any dead organic 
matter to the amount of C™ per gram 
present today in living organic matter, 
together with the knowledge of the half-life 
of carbon-14, permits the determination of 
the ‘‘age’’ of the specimen. The sensitivity 
of the carbon-14 method has been extended 
to 40,000 years by means of large-volume 
liquid-scintillator counting,“ where the 
carbon is incorporated into the liquid 
scintillator, and by high-pressure gas-phase 
counting*®) of acetylene. 

The limitations of available isotopes with 
appropriate half-lives and in proper chemical 
composition leaves a wide gap in the dating 
scale between 40 thousand and 40 million 
years ago. In this intermediate range, 
ages have been determined from _ both 
ionium-230 (7' = 83,000 years) measure- 
ments and chlorine-36 (7' = 4.4 « 10° years) 
measurements, the former for deep-sea 
sediments and the latter for relatively young 
surface rocks less than | million years old. 
The ionium-230 method makes use of the 
thorium-uranium ratio, assuming that the 
rate of adsorption of uranium by the sedi- 
ment has been constant. The chlorine-36 
in surface rocks is built up by the Cl®°(ny) Cl?® 
reaction due to slow neutrons from cosmic- 
ray stars. Both of these methods suffer 
from difficulties due to leaching and 
erosion. 


DETERMINATION OF MEAN ENERGIES AND ENERGY PER ION PAIR 


When the beta disintegration-rate stan- 
dardization is combined with a measurement 
of the total energy-emission rate, one obtains 
the average energy E defined by 


[ dE 


E 


(9) 
N(E)EdE 


where N(E) dE is the number of beta par- 
ticles having energies between E and E + dE. 
The only direct experimental method for 
the determination of the quantity 

Emax 

N(E)E dE 

0 
is by calorimetry, as originally used by 
Exvus and Wooster.'® The quantity 
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Emax 
[ N(E) dE is the disintegration rate of 
the source. 

Generally it is easier to measure the disintegration 
rate of a source than to measure directly the total 
energy-emission rate. Thus for biological applications 
where one is interested in energy delivered to a 
particular volume, the quantity NE is of interest, 
E having been determined from equation (9). In 
actual practice, calorimetric methods for deter- 
mining the rate of energy absorption are quite 
difficult, and use is made therefore of the ionization 


effects produced by the radiation. 


To relate the ionization measurement 
in air to the rate of energy absorption in air, 
one uses the ratio W,;,, the mean energy in 
electron volts expended in the production 
of an ion pair in air. Since the roentgen 
of X- and gamma-ray dosage is defined in 
terms of ionization in air, and since most 
dosimeters, with the exception of the chemi- 
cal dosimeters, make use of this ionizing 
property, it has been of considerable interest 
to obtain accurate values of W,;, for elec- 
trons. Experimentally one obtains 


Emax 
N(E\)EdE 
air ~~ 


where J,;, is the total ionization current pro- 
Emax 
duced by the source and N(E\)EdE 


is determined with a calorimeter. W,j, 
for sulfur-35 beta rays has recently been 


determined using equation (10). The rate 
of energy emission of an approximately 
400-millicurie source was measured in a 
Peltier microcalorimeter“® and the total 
ionization current from specially prepared 
sources was measured in a large cylindrical 
ionization chamber. The value of W,;, = 
33.71 + 0.24 electron volts per ion pair 
obtained agrees quite well with the value 
of 33.8 electron volts per ion pair reported 
by Gross and Fariia,!) based on measure- 
ments made in an extrapolation ionization 
chamber.) A review of the entire field 
of the measurement of W for other gases as 
well as for air and also for alpha particles 
is given by W. Binxs.®) 

Conversely, from the knowledge of the 
mean energy it is sometimes possible to 
determine the disintegration rate. Tritiated 
water solution standards, for example, were 
prepared from a high specific activity source 
of HTO whose rate of energy emission was 
measured in the Peltier microcalorimeter 
(loc. cit.). Dividing this rate by the mean 
energy of decay obtained by Jenks et al.,” 
the disintegration rate of the source was 
found. 

Standards of radioactivity form an essen- 
tial link between the measurement and the 
interpretation of physical and chemical 
phenomena in both the biological and the 
physical sciences. Their importance will 
undoubtedly grow as the increasing availa- 
bility of radioactive materials makes their 
use more widespread. 


REFERENCES 


1. RurHERForRD E. and Geicer H. An electrical 
method of counting the number of « particles 
from radioactive substances. Proc. Roy. Soc. A81, 
141 (1908). 

2. Dewar J. The rate of production of helium 
from radium. Proc. Roy. Soc. A81, 280 (1908). 
Dewar J. Long-period determination of the 
rate of production of helium from radium. 
Proc. Roy. Soc. A83, 404 (1910). 

3. Recener W. Uber Zahlung der «-Teilchen 
durch die Szintillation und die Grésse des 
electrischen Elementarquantums. Verh. d.D. 
Phys. Ges. 10, 78, 351 (1908). 

4. Soppy W. Attempts to detect the production 


of helium from the primary radio-elements. 
Phil. Mag. 16, 513 (1908). 

5. Mosetey H. G. J. The number of # particles 
emitted in the transformation of radium. Proc. 
Roy. Soc. A87, 230 (1912). 

6. Etuis C. D. and Wooster W. A. The average 
energy of disintegration of radium £. Proc. 
Roy. Soc. A117, 109 (A27). 

7. Mann W.B. The preparation and maintenance 
of standards of radioactivity. Internat. Journ. 
of Appl. Rad. and Isotopes 1, 1 (1956). 

8. H. H. and A. Standardi- 
zation of beta-emitting nuclides. Nucleonics 
12:7, 54 (1954). 


The application of standards of radioactivity 231 


. Baskin R., DEMAREsT H. L., and SANDHAus S. 


Gamma counting efficiency of two well-type 
Nal crystals. Nucleonics 12:8, 46 (1954). 


. Haicu C. P. Gamma-ray scintillation counters 


for weak radioactive solutions. Nucleonics 12:1, 
34 (1954). 


. SELIGER H. H. and Zrecirer C. A. Liquid 


scintillation temperature effects. NVucleonics 14:4, 
49 (1956). 


. Hayes F. N., Orr D. G., and Kerr V. N. 


Pulse height comparison of secondary solutes. 
Nucleonics 14:1, 42 (1956). 


. SmitH D. B. and WitpsLoop A. M. Method 


of determining losses due to self-absorption of 
beta particles in 47 counter sources. AERE 
I/M 27, July 22, 1953. 


. SCHWEBEL A., IspeL H. S., and Karasinos J. V. 


A rapid method for the measurement of C!* in 
Formamide solution. Science 113, 465 (1951). 


. ScHweBeEL A., Ispet H. S., and Moyer J. D. 


Determination of carbon-14 in solutions of 
C!-labeled materials by means of a proportional 
counter. J. Research Nat. Bur. of Standards 53, 
221 (1954). 


. SurrLe A. D. and Lipsy W. F. Anal. Chem. 27, 


921 (1955). 


. Nervik W. E. and Stevenson P. C. Self- 


scattering and self-absorption of beta by mode- 
rately thick samples. Nucleonics 10:3, 18 (1952). 


. SeticeER H. H. Backscattering of positrons and 


electrons. Phys. Rev. 78, 491 (1950); 85, 724 
(1952); 88, 408 (1952). 


. Emil Greiner Co., 20 N. Moore Street, New 


York, N.Y. 


. Aten A. H. W., jr. Radioactive standards in 


the Netherlands. Acta Radiological, Suppl. 117, 
45 (1954). 


. Reynotps S. A. and BrooxsBaAnk W. A., JR. 


TI? as a standard for radioassays. Nucleonics 
11:11, 46 (1953). 


. WuHaten A. G., Reynoxps, S. A., and 


BRooxsBANK, W. A., jr. Thallium as a reference 
standard for beta radioactivity. Journ. Amer. 
Water Works Assn. 46:1, 79 (1954). 


. Brucer M., Oak Ridge National Laboratory. 


(Private communication.) 


. Kaun B. and Lyon W.S._ Use of a scintillation 


spectrometer in radiochemical analysis. Nucleonics 
11:11, 61 (1953). 


. Tarr J. F. and Witurams E. S._ Assay of mixed 


radioisotopes. Nucleonics 10:12, 47 (1952). 


. Hartey J. H. and Hatipen N. Analyzing 


beta absorption graphically to identify emitters. 
Nucleonics 13:1, 32 (1955). 


. Hine G. J., Burrows B. A., Apt L., PoEty- 


cAVE M., Ross J. F., and Sarxes L. A. Scintil- 


lation counting for multiple-tracer studies. 
Nucleonics 13:2, 23 (1955). 


. Upson U. L., Connatty R. E., and 


Lesorur M. B. Analyzing for low energy 
gamma emitters in a radionuclide mixture. 
Nucleonics 13:4, 38 (1955). 


. Lorvincer R. and Ferrerserc S. Using 


Bremsstrahlung detection by a scintillator for 
simplified beta counting. Nucleonics 13:4, 42 
(1955). 


. Wyarp S. J. Radioactive source corrections 


for Bremsstrahlung and_ scatter. Nucleonics 


13:7, 44 (1955). 


. SmirH C. C., SevicerR H. H., and Steyn J. 


The efficiency of 47 crystal scintillation counting. 
Part I. Experimental technique and _ results. 
Mann W. B. and Seticer H. H. The efficiency 
of 4m crystal scintillation counting. Part II. 
Dead-time and coincidence corrections. Journ. 
of Res. Nat. Bur. of Standards. (To be published.) 


. HeEYpDENBURG N. P. and TemmMer G. M. Cou- 


lomb excitation of energy levels in rhodium and 
silver. Phys. Rev. 95, 861 (1954). 


. TEMMER G. M. and Heypensurc N. P. Pro- 


perties of excited states of Pd and Cd nuclei 
by coulomb excitation. Phys. Rev. 98, 1308 
(1555). 


. Face L. W., Wo tick: E. A., R. O., 


Dunninc K. L., and Snyper S. Coulomb 
excitation of tellurium and silver. Phys. Rev. 


100, 1299 (1955). 


. Swann C. P. and Merzcer F. R. Production 


of Y89m, Ba!87m, and Hg!9%™ by inelastic neutron 
scattering. Phys. Rev. 100, 1329 (1955). 


. Herr R. E. and Lissy W. F. Absolute cross 


sections for deuterons on beryllium. Phys. Rev. 
100, 799 (1955). 


. Manov G. G. and Curtiss L. F. The half life 


of C4, 7. Research Nat. Bur. of Standards 46, 
328 (1951). 


. Hawkincs R. C., Hunter R. F., Mann W. B., 


and Stevens W. H. The half life of C!4. Can. 7. 
Research 27B, 545 (1949). 


. Jones W. M. The half life of tritium by absolute 


counting. Phys. Rev. 83, 537 (1951). 


. Lissy W. F., U.S.A.E.C. (Private communi- 


cation.) 


. GeiceR H. and Nutratt W. The ranges of 


a-particles from various radioactive substances 
and a relation between range and period of 
transformation. Phil. Mag. 22, 613 (1911). 


. Gamow G. Zur. Quantentheorie des Atom- 


kernes. eit. f. Phys. 51, 204 (1928). 


. GuERNEY R. W. and Conpon E. U. Wave 


mechanics and radioactive disintegration. Nature 


122, 439 (1928). 


Mo 
| 
5,7 
7 
4 


H. H. Seliger 


. J. L., Broecker W. S., and EcKELMANN 
W.R. Age determination of uranium minerals. 
Nucleonics 11:8, 19 (1953). 

. Buriinc R. L. Determination of geologic time. 
Nucleonics 10:5, 30 (1952). 

. Lispy W. F. Radiocarbon dating. U. of 
Chicago Press 1955. 

. ARNoLD J. R. Scintillation counting of natural 
radiocarbon. Science 119, 155 (1954). 

. Suess H. E. Natural radiocarbon measure- 
ments by acetylene counting. Science 120, 5 
(1954). 

. Mann W. B. Use of Callendar’s ‘“Radio- 
balance for the measurement of the energy 


50. 


~ 


52. 


53. 


emission from radioactive sources. 7. Research 
Nat. Bur. of Standards 52, 177 (1954). 

Bay Z. and SexticeER H. H. Measurement of 
W, ir for sulfur-35 beta rays. (To be published.) 
Gross W. and Faiiia G., Columbia University. 
(Private communication.) 

Gross W., WinGATE C., and Fartta G. Average 
energy expended in producing ion pairs—S*® 
absolute value for air. Radiology 66, 101 (1956). 
Binxs W._ Energy per ion pair. Acta Radiologica 
$117, 85 (1954). 


54. Jenks G. H., GHorMey J. A., and Sweeton F. H. 


Measurement of the half-life and average energy 
of tritium decay. Phys. Rev. 75, 701 (1949). 


232 
= 
45 
46 
|| 
47 
VOL. 
1 
956/5 


LETTER TO THE EDITORS 


A Simple Method for the Assay of 
Tritium in Water Samples 


THE assay of tritium in water samples has 
been performed by means of elaborate 
chemical transformations to gases such as 
acetylene,“ methane, or butane.) These 
methods are cumbersome when large num- 
bers of samples are to be assayed. More 
recently, methods have been published for 
the assay of water vapour directly, by 
mixing it with suitable gases in flow counters 
of conventional design.“ *) Without elabo- 
rate arrangements, these latter methods are 
limited to operation at vapour pressures of 
water not greatly in excess of that cor- 
responding to saturation at 20°C, the most 
convenient method being by saturation with 
water vapour at 0°C, since this temperature 
can readily be stabilized with high precision. 
This temperature corresponds to a (water) 
hydrogen content of 0-47 ug/ml of counting 
mixture at atmospheric pressure. 

For medical-research purposes, in which 
tritiated materials are to be administered to 
human subjects, it is desirable to increase 
that part of the hydrogen content of the 
counting mixture which is derived from the 
water sample, without losing the advantages 
of utilizing the water directly. For this 
purpose, exchange with methyl and ethyl 
alcohols was investigated. The tritiated 
water, containing 0-05 wc/ml, was mixed 
with an equal volume of anhydrous alcohol, 
cooled to 0°C in an ice-bath, and helium at 
atmospheric pressure was passed through the 
mixture, then through a spray-trap, also at 
0°C, and into the counter. Table 1 illustrates 
the results obtained. Under the conditions 
used, only the hydroxyl hydrogen is ex- 
changed, this exchange being, however, 
extremely rapid. Although by using methyl 
alcohol a useful gain in sensitivity is obtained, 
as compared with ethyl alcohol, this is not 
as high as is desirable. (The conditions 


required to cause exchange of the other 
hydrogen atoms in these alcohols are such 
as to destroy the simplicity of the method). 

With a view to increasing the counting 
rate, a considerable number of organic 
compounds, miscible with water and having 
a high vapour pressure at 0°C, was con- 
sidered. Exchange of hydrogen linked to 
nitrogen or oxygen is extremely fast, but 
hydrogen linked to carbon is exchanged 


only very slowly, if at all. However, nearly 


all the compounds which are suitable on the 
grounds of rapid exchange are extremely 
unpleasant to handle in the pure state. The 
base-catalysed exchange of water with ace- 
tone was finally adopted, as representing a 
reasonable compromise between conflicting 
requirements. 
Taste | 


counts/min 


Background (unscreened) | 140 — 
Ethy! Alcohol | 190 50 
Methyl] Alcohol 228 88 
Acetone with 0-1 N NaOH for 

12 hours 750 610 


The exchange of water with acetone takes 
place presumably via the keto-enol tauto- 
merism, involving a mesomeric anion. 


CH,—C—CH, CH,—C=CH, 
| 
OH 


alk. |} acid alk. |t acid 


CH,—C—CH, 
| 
O_ 


+H* 
The exchange is very slow in neutral 
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Counting rate —+ 


3 10 30 
Time elapsed 


Fic. 1. Water-acetone exchange. 


solution, owing to the extremely small 


concentration of the enol form, but it is 
greatly accelerated by the presence of alkali. 


Fig. 1 gives rough data at different alkali 
concentrations. 

Thus by using quite low alkali concentra- 
tions, usefully rapid equilibrium is attained. 
At these concentrations of alkali no appre- 
ciable condensation reactions occur. Since 
all six hydrogen atoms are equivalent, and 
the vapour pressure of acetone at 0°C is 
very much higher than that of methyl 
alcohol, a very substantial gain in sensitivity 
results. 

A good Geiger plateau in the region of 
2500 V is obtained under these conditions, 
with a slope of 0-05°4/V. The active volume 
of the counter used was about 125 ml. 
Flushing times required, at a flow rate of 
about 3 litres/hour, were about 10 minutes. 
No appreciable memory effects were present, 
provided that the quantity of rubber tubing 
employed was kept down to a minimum. 
The system provides a rapid, cheap, and 
convenient method for routine assay of 
tritium in water samples. 


J. E. S. BrapDLey 


Postgraduate Medical OD. J. Busu 
School of London 


Ducane Road, W.12 
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NOTES 


Great Britain 


The Isotope School at the Atomic Energy Research 
Establishment, Harwell, will have two courses yearly 
specially adapted for medical students. The courses 
are of three weeks’ duration each followed by three 
weeks’ work in a number of different hospitals where 
the application of isotopes in diagnosis and therapy 
is practised. The first such purely medical course 
will start on 18 February 1957, and the second 
course of this type will follow in September of that 


year. 
U.S.A. 


New isotope catalogs and price lists have been 
issued by the Oak Ridge National Laboratory, 
Brookhaven National Laboratory, and the Materials 
Testing Reactor. The catalogs are available from 
the following: 

Radioisotope Sales Department, Oak Ridge 
National Laboratory, P.O. Box P, Oak Ridge, 
Tennessee 

Materials Testing Reactor Irradiation Service 
P.O. Box 1259, Idaho Falls, Idaho 

Isotopes and Special Materials Group, Brook- 
haven National Laboratory, Associated 
Universities, Inc., Long Island, New York 

Participants for the basic courses in radioisotope 


techniques offered by the Oak Ridge Institute of 
Nuclear Studies during the remainder of 1956 have 
been selected. The schedule of courses for the first 
quarter of 1957 has been set as follows: 
Class 55—January 7 
Class 56—February 4 
Four additional classes are planned during 1957. 
Dates for these have not yet been announced. 
The winter meeting of the American Nuclear 
Society will be held at the Sheraton Park Hotel, 
Washington, D.C., on 10-11-12 December, 1956. 


Germany 


An International Exhibition of Atomic Industry is 
to be held in Munich from 5 to 14 July 1957, 
comprising exhibits showing the use of radioisotopes 
for research purposes, for medical and_ biological 
applications, for agricultural applications, and for 
industrial uses. Sections will also be devoted to basic 
principles, to radiation control and protection, and 
to the cultural aspects of the subject. The organizers 
invite participation by all enterprises working with 
radioisotopes. 

U.N.E.S.C.O. 

The next international isotope conference will be 
held under the auspices of U.N.E.S.C.O. in the 
Autumn of 1957. 


OBITUARIES 


IRENE JOLIOT-CURIE 


Le 17 mars mourait a Paris IRENE JoLiot- 
Cure. Depuis des années sa santé était 
gravement compromise et il fallait tout 
son tranquille courage, toute sa force de 
caractére et tout son dévouement a la science 
pour surmonter des crises souvent graves et 
reprendre le travail dés qu’un bref repos le 
rendait possible. 

Jusqu’aux derniéres semaines de sa vie, 
elle menait de front la direction d’un grand 
laboratoire, la préparation des plans du 
nouvel Institut de Physique Nucléaire que 
Université de Paris créait 4 Orsay et son 
travail de recherches personnel. Car en 


effet, elle n’y avait jamais renoncé et souvent 
on la voyait en blouse blanche manipuler 
elle-méme dans son petit laboratoire. 

Il nous parait inutile d’évoquer pour les 
lecteurs de ce journal l’énorme oeuvre 
scientifique d’IRENE Heéri- 
tiére d’un grand nom, arrivée au sommet de 
la gloire grace a ses propres travaux, elle 
est restée Jusqu’au bout modeste et accessible. 

D’une droiture extraordinaire, d’une hon- 
néteté intellectuelle exemplaire, elle se for- 
mait elle-méme une opinion sur toutes les 
questions qui l’intéressaient et l’exprimait 
avec netteté et franchise pouvant aller 
jusqu’a la brutalité. 
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IRENE JoLioT-CuriE était de ces savants 
qui se considérent responsables de lusage 
que l’on fait de leurs découvertes et de la 
science en général. 

Ayant vu de prés la guerre pendant la 
premiére guerre mondiale quand elle accom- 
pagnait sa mére aux armées dans les services 
de radiographie mobile, elle était profon- 
dément pacifiste et recherchait partout les 
moyens de favoriser la coopération et 
lentente internationales. C’est dans cet 
esprit qu’elle a accepté avec plaisir de faire 
partie du Comité de Patronage de ce Journal. 

Sa mort laisse un grand vide dans la 
Science frangaise et dans la Science tout 


court. 
€ Micuer Macat 


ANDRE J. CIPRIANI 


WE are all aware of our tragic loss by the 
sudden death of Dr. AnpDRE J. CrpRIANI 
following a stroke on 23 February when at 
the height of his productive power. At 
Chalk River we have prized his rare and 
superb qualities for many years and were 
glad to see them being shared throughout 
the world. He represented Canada at the 
Geneva Conference on the Peaceful Uses of 
Atomic Energy last year. He was a committee 
chairman of the International Commission 
for Radiological Protection. He had re- 
cently been appointed as Canadian rep- 
resentative on the United Nations Scientific 
Committee on the Effects of Atomic Radia- 
tion. In this field he was impressed by 
the need for co-ordination, especially in 
the specifications of measurements, because 
the data on the genetic and long-term 
somatic effects of radiation on humans must 
remain so meagre for so long in terms of 
human lifetimes. 

He was born in Port of Spain, Trinidad 


in 1908 and came to McGill University, 
Montreal with a scholarship in 1928. By 
taking degrees in physics and then medicine 
and surgery he became equipped for his 
work with a range of knowledge seldom so 
well combined. To it he brought his light- 
hearted and restless spirit, with a friendly 
but penetrating approach to everyone he 
met. He could be at home in any company, 
with scientists and diplomats, with service 
men and the local French-Canadian farmers, 
with the very old and the very young. 
He had a manner which made differences of 
age, background, or education quite irrele- 
vant. He was far more concerned over 
the doings of individuals throughout the 
project at Chalk River, particularly in their 
dealings with radiation, than with the rules 
they were supposed to be following or 
what their supervisors thought they were 
doing. This brought to the highest scientific 
international councils what must have been 
a unique combination of real experience and 
knowledge. 

He was well known in the local Ottawa 
Valley country as an enthusiastic fisherman, 
but his knowledge of fish extended beyond 
their habits to their food, anatomy and 
physiology. This found application not 
only when he acted as host to visiting 
fishermen, but also to studies of the dispersal 
in natural waters of radioactive matter. 
When his Model A Ford was not being 
driven into the bush on a fishing trip, 
it could be seen in Deep River on summer 
evenings loaded with children enjoying a 
ride round the village. 

Our sympathy goes out to all who valued 
him as a wise counsellor but especially to his 
widow and their four young daughters. 


W. B. Lewis 
Chalk River, Ontario 
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Methode de Dosage de |’Eau Tritiee et Ses 
Applications en Clinique Humaine 


P. FALLOT, A. AEBERHARDT, et J. MASSON 


Laboratoire de Biologie, Commissariat a l’Energie atomique, Saclay, France 


(Received 16 Fuly 1956) 


Une méthode rapide, fidéle et sensible permettant le dosage de l’eau tritiée dans les liquides 
biologiques a été mise au point: la radioactivité est mesurée au moyen d’une chambre d’ionisa- 
tion aprés conversion de l’eau en hydrogéne gazeux par le calcium. 

Cette méthode a été appliquée, chez ’homme, a |’étude de |’évolution de la radioactivité 
du sang, aprés ingestion d’eau triti¢e, soit chez des sujets sains ou atteints d’affections médicales 
variées, soit chez des opérés. 

Certaines courbes caractéristiques sont présentées, ainsi que des données sur le volume 
d’eau totale et la période biologique du tritium chez l’homme. 


A method for tritiated water dosage and its applications in clinical practice 


A rapid, trustworthy and sensitive method permitting tritiated water dosage in biological 
liquids has been elaborated: the radioactivity is measured with an ionization chamber after 
conversion of water to gaseous hydrogen by means of calcium. 

This method was applied in the human to the study of the variation of blood radioactivity 
after ingestion of tritiated water, either in healthy or diseased subjects, or in operated ones. 

Some characteristic curves are given, together with data on total water volume and the 
biological period of tritium in the human. 


BOLI, TPUTHeM M ero 
B MAX 

TPHTHeM, B OpraHu3mMa. C MOMOIIbIO 

OTOT MeTO, MCHOTb30BAH Pa MOAKTUBHEIX M30TOMOB 
B KpOBM YeIOBeKa BOI, TPHTMeM, OMbITLI 

IIpupoqATCA HeEKOTOPHle XapakTepHble a aHHble OObeMy 


Methode zur Dosierung von Tritium-haltigem Wasser und seine 
Anwendung in der Humanmedizen 


Eine empfindliche, verlassliche und rasch auszurfiihrende Methode zur Bestimmung des 
Tritiumgehaltes von biologischen Fliissigkeiten wird beschrieben: Nach Extraktion des 
Wassers und Abtrennung des Wasserstoffs mit Hilfe von Ca, wird die Radioaktivitat des 
Wasserstoffgases in enier Ionisationskammer gemessen. Die Methode wurde verwendet 
um das Ansteigen der Radioaktivitat des Blutes bei Versuchspersonen und Kranken, welchen 
vorher Tritiumhaltiges Wasser verabreicht worden war, zu bestimmen. Charakteristische 
Kurven iiber den Aktivitatsverlauf, Angaben iiber das totale Wasservolumen, sowie die 
biologische Halbwertszeit der Tritiuum beim Menschen werden angegeben. 
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1. 


L’étude du métabolisme de l’eau en général 
et de la cinétique des échanges hydriques 
en particulier ne peut étre  envisagée 
valablement que si elle-méme est 
utilis¢e comme indicateur. Préconisé dans 
ce but par Pace et coll. en 1947," Pemploi de 
Peau triti¢ée a fait lobjet de nombreuses 
études. Les méthodes proposées pour la 
mesure de la radioactivité du tritium dans 
les produits biologiques, aprés introduction 
d’eau tritiée dans lorganisme, sont nom- 
breuses et variées dans leur principe: le 
dosage est effectué soit directement dans le 
produit biologique’: soit dans 
extraite des liquides organiques, a l’état de 


Elle comprend essentiellement l’extraction 
de l’eau des liquides organiques, sa conversion 
en hydrogéne gazeux et la mesure de sa 
radioactivité au moyen d’une chambre 
d’ionisation. 


1. Extraction de l'eau 


L’eau tritiée est extraite des produits 
biologiques étudiés (sang, urine, liquide 
d’ascite, etc....) par entrainement au 
toluéne, suivant la méthode utilisée dans les 
déterminations d’humidite. 


2. Conversion en hydrogene gazeux 


Principe. ’emploi classique de l’action d’un 
métal fortement électropositif sur Vleau, 
présente des difficultés lorsqu’il s’agit 
d’obtenir quantitativement l’hydrogéne, a 
partir d’un volume d’eau de ordre de 
quelques millilitres. 

Nous avons été conduits a éliminer 
successivement le sodium (sous forme 
d’amalgame), le magnésium (a l’état métal- 
lique ou sous forme de complexe organo- 
magnésien), le zinc (le métal dont nous 
disposions ne nous a pas donné satisfaction). 

Notre choix s’est fixé sur le calcium de 
grande pureté,* en tournures fines. 

Celui-ci réagit sur eau a température 


* Calcium pur fourni par Tusine d’extraction du 
Bouchet. 
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INTRODUCTION 


METHODE DE DOSAGE 


vapeur d’eau™ ou aprés conversion en un 
gaz: hydrogéne, acétyléne,‘® méthane'” 
ou butane. 

La plupart des méthodes proposées 
nécessitent un personnel trés_ spécialisé, 
disposant d’un appareillage compliqué et 
fragile. Leur emploi a V’hdpital se heurte a 
des difficultés nombreuses. Nous avons été 
amenés a étudier et a mettre au point une 
méthode de dosage du tritium dans les 
liquides organiques, méthode a la fois 
simple, rapide, pouvant étre mise en oeuvre 
par un personnel peu spécialisé et susceptible, 
de ce fait, d’étre utilisée couramment en 
pratique hospitaliére. 


ordinaire, en donnant de Vhydroxyde de 
calcium et de ’hydrogéne gazeux. 

Le passage réitéré de vapeur d’eau sur des 
colonnes de calcium nous a donné des 
résultats non reproductibles, et de ce fait, 
nous avons été conduits a effectuer la 
réaction en vase clos, sous vide, en laissant 
les produits en contact un temps suffisant 
pour que la réaction soit totale. 


Appareillage (Fig. 1). Il se compose de: 
—un ballon de | litre environ, dont le col est prolongé 
par un tube de pyrex de méme diamétre, de 30 a 
0em 
miGy 


(C) 


(B) aw 


Fic. 1. Rampe a4 vide pour le transfert de l’hydro- 
géne tritié du ballon a réaction dans la chambre 
d’ionisation. 
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40 cm de long. Un tube portant un rodage male est 
soudé latéralement au col du ballon. Le tube 
dépasse le rodage de 20 a 30 cm; 

—une petite ampoule (C) sphérique, de 2,5 ml 
environ, a paroi mince, obtenue par soufflage. 

Mode opératoire. L’eau tritiée a convertir (2,5 ml) 
est introduite dans l’ampoule (C). Celle-ci est 
soudée rapidement et on l’introduit dans le ballon 
(au moyen d’un fil de verre). On met dans le 
ballon, un excés de tournure de calcium (15 a 20 g). 
On ferme (A) au chalumeau. (II faut éviter la rupture 
prématurée de l’ampoule pendant cette opération). 
On scelle (B) sous vide en ménageant une pointe 
fine. 

Aprés_ refroidissement des parties scellées, on 
casse l’ampoule (C’) contenue dans le ballon par 
quelques secousses. La réaction, rapide au début, 
se poursuit lentement. Elle est totale en quelques 
heures. 

Nous laissons en contact pendant 24 heures et nous 
effectuons la mesure aprés ce délai. 


3. Mesure de la radioactivité de U’hydrogene 
tritié 
Principe. L’hydrogéne tritié est transféré 
sous controle manométrique, par l’inter- 
médiaire d’une pompe de Torpter, dans une 
chambre d’ionisation, a la pression atmo- 
sphérique. On mesure la différence de 
potentiel aux bornes d’une résistance de fuite 
de 10!? ohms aprés amplification en courant 
continu. 


Appareillage (Fig. 2). Il comprend essentiellement: 
une rampe a vide permettant le transfert de l’hydro- 
géne du ballon dans la chambre d’ionisation: pompe 


Vers chambre 
d’ ionisation 


=()= 


Vide 


Air comprime 


Fic. 2. Ballon a reaction. 


a vide, pompe de TorPpLeR, manométre, marteau 
magnétique et tube de jonction permettant |’adap- 
tation du ballon; une chambre d’ionisationde 1300 ml 
environ et la batterie de polarisation (225 volts); 
un amplificateur a courant continu fourni par le 
Commissariat a l’Energie atomique. 

Mode opératoire. Aprés avoir adapté le ballon a Ja 
rampe a vide, on fait le vide (de l’ordre de 1 mm de 
mercure) et on régle le zéro, la chambre étant sous 
vide; on isole la chambre; on casse la pointe au 
moyen du marteau magnétique: la TorPLEeR se 
remplit et on transfére ensuite son contenu dans la 
chambre d’ionisation au moyen d’air comprimé. 
Cette opération est répétée le nombre de fois 
nécessaire pour obtenir la pression atmosphérique 
dans la chambre. 

Le remplissage de la chambre doit étre lent 
et toute variation brusque de pression doit étre 
évitée. 

La mesure du courant d’ionisation est effectuée 15 
a 20 minutes aprés la fin du remplissage. Les charges 
parasites se sont écoulées passé ce délai. 

L’ensemble des opérations nécessite une heure 
environ. 


4, Fustification de la méthode 


(a) Conversion de Peau en hydrogéne. Le fait 
de ne pouvoir utiliser que la moitié des 
atomes d’hydrogéne de l’eau ne présente pas 
d’inconvénients pour le type de mesures 
envisagées. La chambre ayant un volume de 
1310 ml, 2,5 ml d’eau donnent 1550 ml 
@Vhydrogéne (TPN), quantité suffisante pour 
remplir la chambre d’ionisation a la pression 
atmosphérique. Or, 2,5 ml d’eau sont 
obtenus a partir de 3 ml de sang environ. 

(b) Un effet de sélection isotopique peut, du 
fait du partage de l’hydrogéne de l’eau entre 
Ca(OH), et Hz, modifier les conditions de 
répartition du tritium. Mais, comme nous 
ne cherchons pas a obtenir des mesures 
absolues et que nous opérons toujours dans 
les mémes conditions, cet effet isotopique, 
sil existe, n’entre pas en ligne de compte. 
De plus, le contact étant maintenu entre les 
divers produits de la réaction pendant 24 
heures, il est probable que les phénoménes 
d’échange entre atomes d’hydrogéne con- 
duisent a une répartition homogéne du 
tritium entre les atomes d’hydrogéne du gaz 
et ceux de la chaux. Ce ne serait peut-étre 
pas le cas si ’hydrogéne était obtenu par 
passage de la vapeur d’eau sur des colonnes 


fll 
3 
Rodage } 
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de calcium, Vhydrogéne étant envoyé 
directement dans la chambre. 

(c) Lveffet de mémoire possible est limité 
par le renouvellement du calcium aprés 
chaque conversion et par le traitement des 
ballons aprés utilisation: plusieurs lavages 
alternés a l’eau et au HCl, un ringage a 
Pacétone et un séchage pendant 24 heures 
rendent la radioactivité résiduelle éventueile 
indétectable avec l’appareillage de mesure 
utilisé. 

Pour étudier expérimentalement cet effet 
de mémoire, nous avons effectué successive- 
ment—dans le méme ballon—3 conversions 
portant sur des radioactivités spécifiques de 
0,5 wcurie/ml, 0,1 wcurie/ml et 0,1 wcurie/ml. 
Le ballon est traité suivant le procedé 
indiqué, aprés chaque conversion. Les 
mesures effectuées ont donné les résultats 
suivants: 

lére conversion 0,49 wcurie/ml 
0,09 wcurie/ml 
3éme conversion 0,09 wcurie/ml 


Dans nos conditions expérimentales, et 
pour des radioactivités spécifiques de l’ordre 
de celles utilisées, l’effet de mémoire—s’il 
existe—reste inférieur au minimum deétec- 
table. 

(d) Les mesures des volumes de gaz obtenus, 
le contrédle manométrique des pressions, 
effectués systématiquement au cours de plus 
de 150 opérations, nous ont montré que le 
rendement de la conversion est constant, et 
de l’ordre de 98%. La reproductibilité est, 
de ce fait, trés satisfaisante. 

(e) Mesure de la radioactivité. Aprés toute 
mesure, l’ensemble de l’appareillage est vidé 
par un pompage de 30 minutes environ, 
interrompu par 2 ou 3 “Tingages” par 
admission d’air sec. 

—Le zéro est fait la chambre étant sous 
vide, au maximum de stabilité. 


2éme conversion 


5. Résultats 

En portant la déviation lue en milli- 
volts (mV) en fonction de la radioactivité 
spécifique du tritium en microcurie par ml 
d’eau, et pour des valeurs comprises entre 
0,01 microcurie/ml et 1 microcurie/ml, on 
obtient une droite. 
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L’étude statistique portant sur plus de 100 
mesures, pour des radioactivités spécifiques 
s’étendant entre les limites précédentes, 
montre que la relation entre la déviation lue 
et la radioactivité spécifique est linéaire. 

A titre indicatif, Véquation de la courbe 
est, dans nos conditions expérimentales et avec notre 


appareillage: 
y = 475x + 18 


dans laquelle x est exprimé en microcurie/ml d’eau 
ety en mV. 

L’ordonnée a l’origine correspond a la déviation 
lue lorsque la chambre est remplie avec de l’hydrogéne 
non radioactif, sous pression atmosphérique. 

L’étude statistique des résultats expérimentaux a 
donné les coefficients suivants: 


475,7 + 2,8 (20) 
18,5 0,6 (20). 


Précision des mesures. L’erreur sur les 
mesures, déterminée d’aprés l'étude statis- 
tique, est de 10 a 20% pour les radioactivités 
spécifiques inférieures a 0,05 microcurie/ml 
et ne dépasse pas 5% pour les radioactivités 
spécifiques plus grandes. 

Limites. La limite’ inférieure, avec 
lappareil de mesure employé, est fixée a 0,01 
microcurie/ml d’eau. Ceci correspond a une 
quantité totale de tritium, dans la chambre 
d’ionisation, de 0,025 microcurie. 

La limite supérieure n’a pas été déterminée 
d’une facgon précise. Nos études ont été 
limitées au domaine d’utilisation prévu, 
(radioactivité spécifique comprise entre 0,01 
et 1 microcurie/ml). Quelques mesures 
effectuées pour des doses de 1 a 5 micro- 
curies/ml montrent que la relation est 
toujours linéaire. 

Nous étudions le remplacement de notre 
appareillage de mesure par un ensemble 
composé d’un condensateur a lame vibrante 
et d’un amplificateur en courant alternatif. 
Les résultats obtenus jusqu’ici montrent une 
ameélioration importante de la sensibilité: la 
limite inférieure se place actuellement aux 
environs de 0,5. 10-* microcurie/ml d’eau, 
avec une précision satisfaisante. 

Etalonnage de lVappareil. L’étalonnage a 
été effectué au moyen d’un échantillon d’eau 
tritiée fourni par Harwell, n° T 192. 
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APPLICATIONS CHEZ LE HOMME 


Nous utilisons cette méthode depuis plus 
d’un an au Laboratoire de Biologie du 
Commissariat a l’Energie atomique (Dr. 
CoursaGET). Environ 1500 dosages de 
tritium dans liquides organiques 
d’origine humaine ont été effectués chez 
plus de 50 sujets sains ou atteints d’affections 
varices. 

Le but principal de nos recherches a été 
étude de l’absorption de l’eau par le tube 
digestif: nous avons étudié |’évolution de la 
radioactivité spécifique dans le sang, pendant 
une période de 2 ou 3 heures, aprés ingestion 
d’eau tritiée, chez des sujets normaux, chez 
des opérés ou au cours de certains états 
pathologiques. 

Accessoirement, les courbes obtenues nous 
ont permis de calculer l’espace de distribution 
du tritium. 

L’étude de l’élimination urinaire de ce 
radioélément pendant une période de 10 a 15 
jours, pratiquée dans un certain nombre de 
cas (sujets sains ou atteints d’affections 


médicales) nous a donné des indications sur 
la période biologique du tritium aprés 
ingestion d’eau tritiée. 

Toutes ces études ont été poursuivies chez 
des sujets placés—autant que faire se peut— 
dans des conditions comparables, les plus 
voisines de l’état physiologique. 


Protocole expérimental 

L’épreuve est pratiquée le matin vers 10 heures, le 
sujet étant hdpitalisé, a jeun depuis la veille au soir. 
Le sujet reste au lit, sans boisson ni aliment pendant 
toute la durée de l’épreuve, soit 2 ou 3 heures. Aprés 
ingestion d’eau tritiée (environ 60 ml), des préléve- 
ments (10 ml) sont effectués par ponction veineuse 
selon lhoraire suivant: 


5, 15, 30, 45, 60, 90, 120 ou 150 minutes. 


24 heures aprés l’ingestion d’eau tritiée, une nouvelle 
prise de sang est effectuée, conjointement a un 
prélévement d’urines. 

Les échantillons d’urines recueillis en vue de l’étude 
de l’élimination du tritium, sont prélevés sur les 
urines émises entre 8 heures et 10 heures du matin, 
aprés évacuation de la vessie a 8 heures. 


RESULTATS EXPERIMENTAUX 


1. Evolution de la radioactivité dans le sang 
aprés ingestion d’eau tritiée 

1.1. Sujet sain. Nos études ont porté sur 
20 sujets des deux sexes, d’age et de poids 
varies. 

Les courbes, traduisant, en fonction du 
temps, l’évolution de la radioactivité dans le 
sang (exprimée en microcurie de tritium par 
millilitre d’eau), aprés ingestion d’eau tritiée, 
se répartissent, chez le sujet normal, en 3 
types: 
type 1. (Fig. 3): une partie initiale ascend- 
ante atteint un plateau entre la 90éme et la 
120éme minute; celui-ci se maintient prati- 
quement pendant les 24 premiéres heures. 
type 2. (Fig. 4): la pente de la portion 
ascendante initiale est nettement plus grande; 
la courbe présente un maximum entre la 
30 éme et la 60éme minute (en général 4 la 
45éme minute), auquel succéde une portion 
descendante d’allure exponentielle. La 
résolution conduit a plusieurs termes 
exponentiels. A partir de la 90é¢me minute, le 


terme lent est pratiquement seul en cause et 
la courbe (en coordonnées normales), se 
confond avec une droite paralléle a l’axe des 
abscisses a partir de la 120@me minute. 
type 3. (Fig. 5): il s’agit d’un type 
intermédiaire, dans lequel le maximum est 
trés aplati et se situe également vers la 45¢€me 
minute. 

La répartition entre les différents types est, 
pour les 20 sujets étudiés: 


TypeI TypelII Type III 


Homme 6 3 
Femme 2 


Total 11 4 5 


Chez deux sujets, nous avons effectué, a | 
ou a plusieurs jours d’intervalle, 3 épreuves 
successives. Les courbes obtenues dans ces 
conditions se superposent bien et, en parti- 
culier, le type de courbe est conservé, les 
caractéristiques principales des courbes 
(valeur et horaire du maximum, pente de la 
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Fics. 3, 4, et 5. Evolution de la radioactivité dans 
le sang aprés ingestion d’eau tritiée (sujet 
normal): 

Fig. 3.—courbe type 1. 

Fig. 4.—courbe type 2. 

Fig. 5.—courbe type 3. 


partie initiale) sont comparables au cours des 
trois épreuves. 

1.2. Sujets atteints d’affections médicales. Les 
courbes précédentes ont été établies chez 15 
malades présentant une ascite d’origine 
cirrhotique ou néoplasique, et chez quelques 
malades atteints d’insuffisance cardiaque avec 
oedémes ou de troubles du métabolisme de 
leau d’origine centrale. 

Bien que s’en rapprochant, les courbes 
obtenues chez les ascitiqgues montrent des 
modifications importantes par rapport aux 
courbes types établies chez les sujets en bonne 
santé. 


\ q jAC. ‘Albert 


hypertrophique ascitique 


a 


e— Sang 
-—-Ascite 
wd 
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Cirrhose hypertrophique ascitique 
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Fic. 6 et 7. Evolution de la radioactivité dans le 
sang aprés ingestion d’eau tritiée (cirrhose 
hypertrophique ascitique) 


Les figures (6) et (7) représentent les deux 

types extrémes de courbes obtenues chez des 
cirrhotiques. Chez ces malades |’évolution 
de la radioactivité a été étudiée a la fois dans 
le sang et dans le liquide d’ascite: 
—dans la figure 6, le maximum, dans le 
sang, est atteint trés rapidement, (15 minutes) 
et sa valeur est trés élevée. La décroissance 
de type exponentiel se prolonge au dela de la 
150éme minute. La radioactivité spécifique 
4 la 24éme heure est nettement plus basse que 
celle mesurée a la 150éme minute.—la 
figure 7, au contraire, montre un cas ou la 
portion ascendante initiale de la courbe, de 
faible pente, se prolonge au moins jusqu’a la 
150éme minute, sans qu’apparaisse un 
plateau. Les dosages a la 24¢me heure sont 
comparables a ceux de la 150€me minute. 

Les courbes obtenues chez les ascitiques se 
placent entre ces deux types extrémes et 
présentent toutes des modifications plus ou 
moins importantes. L’ensemble de nos 
résultats concernant ce type d’étude, sera 
publié plus tard. 

Les résultats obtenus chez les cardiaques et 
chez les malades neuro-endocriniens sont 
encore trop peu nombreux pour étre 
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présentés ici. Les cas étudiés montrent 
cependant des modifications nettes de cer- 
taines caractéristiques des courbes, pente de 
la portion initiale, valeur du maximum, 
allure de la portion décroissante. 

1.3. Suwets opérés. Le schéma expérimental 
mis en oeuvre chez 15 opérés (intervention 
pour affections abdominales variées) compor- 
tait 3 épreuves par sujet: la lére, la veille, la 
2éme, le lendemain de l’intervention, la 3éme, 
2 ou 4 jours aprés. Les épreuves successives 
ont été poursuivies dans le but d’étudier les 
variations de l’absorption de l’eau par la 
muqueuse digestive, ses relations avec le choc 
opératoire, ou avec les modifications physio- 
pathologiques liées au traumatisme opéra- 
toire. 

Les courbes obtenues présentent un 
ensemble de modifications non seulement 
dans les caractéristiques des courbes, mais 
dans le type méme des courbes. 

L’ensemble de nos résultats sera publié 
prochainement. 


2. Espace de distribution du tritium 
L’espace de distribution du tritium est 


calculé a partir de la radioactivité spécifique 
mesurée dans le sang, lorsque la diffusion 
dans les espaces extra et intracellulaires est 
pratiquement terminée. Nous avons utilisé 
les données obtenues a la 150éme minute. 

Chez le sujet sain, nous avons obtenu les 
résultats suivants, exprimés en °% du poids 
du corps (moyenne des déterminations 
calculées) : 


61% 4,5* 
58% £3 * 


11 cas 
9 cas 


Hommes 
Femmes 


* écart quadratique moyen. 


Chez les malades étudiés, l’équilibre n’est 
en général pas réalisé a la 150@éme minute. 
Les données de la 24€me heure ne peuvent 
pas étre utilisées. Nous n’avons pas, de ce 
fait, calculé Vespace de distribution du 
tritium chez nos malades. 


3. Période biologique 

Les points expérimentaux obtenus a partir 
des urines pendant 10 a 15 jours chez la 
plupart des sujets sains ou atteints d’affections 


Sujet norma | 
| 


riode: 6 jours 


6 9 12 18 
Temps jours 


Cirrhose hypertrophique ascitique 
GU ...Robert 


période: 12 jours 


Ponction 4000mI 


jours 


Oui. Rene 
période: 3$ jours 


to 16 
Temps jours 


Insuffisance cardiaque avec oedémes 
Le ROU... Jean 


période: 20 jours 


Fig. 11 
ce) 3 6 9 12 155 18 
Temps jours 
Fics. 8, 9, 10 et 11. Elimination urinaire du tritium aprés 
ingestion d’eau tritiée. 


—Fig. 8 : sujet normal 

—,, 9 :cirrhose hypertrophique ascitique. 
10 : polydipsie 
11 : insuffisance cardiaque avec oedémes. 


médicales, s’alignent d’une facon  satis- 
faisante, en coordonnées semilogarithmiques ; 
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les droites obtenues permettent de déterminer 
la période biologique du tritium aprés 
ingestion. 

Chez les 20 sujets sains (Fig. 8), les 
périodes s’échelonnent entre 5 et 11 jours, la 
majorité se situant a 8 ou 9 jours. 


Chez ascitiques, les périodes 
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biologiques se situent entre 10 et 14 jours, 
avec une prédominance nette a 12-13 jours 
(Fig. 9). 

La période biologique du tritium chez le 
polydipsique (Fig. 10) étudié, était de 3,5 
jours, et de 20 jours chez le malade porteur 
d’une insuffisance cardiaque (Fig. 11). 


DISCUSSION 


Les courbes de _ Jévolution de la 
radioactivité du tritium dans le sang aprés 
ingestion d’eau tritiée obtenues au cours de 
nos expériences chez le sujet sain peuvent 
étre rapprochées de celles obtenues par 
Howarp'®) chez 6 sujets témoins, l’eau 
lourde (oxyde de deuterium) étant employée 
comme indicateur. Cet auteur obtient 4 
courbes correspondant a notre type | et 2 du 
type 2. Les conditions expérimentales de 
HowarpD sont comparables aux ndtres dans 
l'ensemble. 

Nos courbes ont été obtenues a partir de 
sang veineux. Elles ne présentent pas les 
fluctuations signalées par Cope et coll.“ 
chez le chien et attribuées par ces auteurs a 
la nature veineuse du sang étudié. I 
apparait donc que la voie artérielle n’est pas 
indispensable; celle-ci présente d’ailleurs des 
difficultés qui limitent son emploi en pratique 
courante. 

Les courbes obtenues chez les sujets sains 
traduisent les échanges de l’eau tritiée entre 
le tube digestif, le sang, et les espaces extra et 
intracellulaires, la diffusion de leau se 
poursuit simultanémentason passage a travers 
la muqueuse digestive. La superposition de 
ces deux ordres de faits rend impossible, par 
la simple étude de nos courbes, la mesure du 
taux d’absorption digestive de Peau. Nous 
envisageons |’ étude simultanée du passage de 
l’eau a travers la muqueuse digestive, dans 
les deux sens, qui seule est capable d’ap- 
porter les renseignements complets sur la 
cinétique des échanges hydriques entre le 
tube digestif et le sang. 

Cependant quelques données intéressantes 
peuvent étre tirées de l’examen des courbes 
chez le sujet sain. L/’interprétation des 
courbes obtenues dans les états pathologiques 
ou chez les opérés ne sera pas envisagée ici. 


Quel que soit le type de courbe, le temps 
nécessaire a la diffusion de l’eau dans les 
espaces extra et intracellulaires est sensible- 
ment le méme (é€quilibre atteint dans des 
délais comparables). Les courbes différentes 
surtout par la pente de la portion initiale, ce 
qui conditionne la présence ou l’absence d’un 
maximum: une pente initiale forte corres- 
pond a une vitesse d’absorption digestive 
plus rapide que la vitesse de la diffusion. 

L’absorption, au moins pour les sujets 
présentant une courbe de type 2, est 
pratiquement compléte au moment du 
maximum. I] est indispensable de préciser 
par des études de fractionnement au niveau 
des différents segments du tube digestif, si 
cette rapidité provient d’une absorption par 
la muqueuse gastrique ou si elle doit étre 
attribuée a un transit rapide, l’absorption par 
la muqueuse intestinale étant plus importante 
que celle de la muqueuse gastrique. 

Le volume d’eau totale du corps, considéré 
comme semblable a l’espace de distribution 
du tritium, est en moyenne de 61% chez 
Vhomme et de 58% chez la femme. Nos 
résultats sont en accord avec ceux de 
Prentice coll.2” et avec ceux obtenus par 
d’autres méthodes, compte tenu des correc- 
tions apportées par l’emploi des différents 
indicateurs. 

Sans vouloir attribuer une valeur exagérée 
a nos résultats concernant la période biolo- 
gique du tritium aprés ingestion d’eau 
tritiée, et ceci du fait de la trop bréve période 
d’observation, il est tout de méme remar- 
quable que les valeurs que nous avons 
obtenues soient nettement plus courtes que 
celles publiées jusqu’ici par les auteurs 
anglo-saxons. Peut-étre faut-il attribuer ces 
différences aux habitudes alimentaires des 
sujets étudiés ? 
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SOMMAIRE 


La mesure de la radioactivité de l’eau 
tritiée dans les liquides organiques est 
effectuée au moyen d’une chambre d’ioni- 
sation aprés conversion en hydrogéne, par 
action du calcium a _ la_ température 
ordinaire. 

La méthode proposée est rapide, simple et 
d’application facile en pratique journaliére 
courante. 

La sensibilité de 1 x 10-? wcuries/ml 
peut étre abaissee a1 10-3 wcuries/ml avec 
une précision meilleure, par l’emploi d’un 
électrométre a condensateur vibrant. 

L’étude, chez ’homme, de la radioactivité 


du tritium dans le sang, aprés ingestion d’eau 
tritiée, a l’état normal, conduit a 3 types de 
courbes; al’état pathologique, ces 3 types de 
courbes sont retrouvées mais des modifications 
importantes sont constatées. 

Le volume d’eau totale, calculé chez 20 
sujets, est de 61% chez les hommes, 58% 
chez les femmes. 

La période biologique du tritium aprés 
ingestion d’eau tritiée varie entre 5 et 11 jours 
a l’état normal, entre 10 et 14 jours chez les 
ascitiques, alors qu’elle est de 3,5 jours chez 
un polydipsique et 20 jours chez un 
insuffisant cardiaque avec oedémes étendus. 


BIBLIOGRAPHIE 


. Pace N., Kune L., ScHAcHMAN H. K.,, et 
Harrenist H. 7. Biol. Chem. 168, 459 (1947). 

. Ernorr M. L. 7. Amer. Chem. Soc. 69, 2504 (1947) 

. RosENTHAL D. et ANGER H. UCRL 2320 (1953). 

. FirzGerap P. J., Eminorr M. L., Kno J. E., 
et Srumez E. B. Science 114, 494 (1951). 

. Prnson E. A. et ANDERson E. C. LA-1218 (1951). 

. THomson R. C. 7. Biol. Chem. 197, 81 (1952). 

. D. E., I. G., et PAYNE P. R. 
Nature 166, 628 (1950). 


8. Grascock R. F. Nature 168, 212 (1951). 
9. Howarp J. M. Surgery, Gynecol. and Obstetrics 100, 
69 (1955). 
10. Cope C. F., ScHoter J. F., Hichtower N. C., 
Dretzer F. K., et Batpes E. J. Proc. Mayo Clin. 
29, 235 (1954). 
11. Prentice T. C., Srrt W., Berwin N. I., 
G. M., Parsons R. J., JOINER E. E., et LAWRENCE 
J. H. Journ. of Clin. Invest. 31, 412 (1950). 


245 

1 
2 

3 
4 

5 

6 

7 


International Journal of Applied Radiation and Isotopes, 1957, Vol. 1, pp. 246-248. Pergamon Press Ltd., London. 


Radioactive Labelling of Reserpine 
by Tritium Recoil’ 


F. S. ROWLAND+ 


Frick Chemical Laboratory, Princeton University, Princeton, N. J. 


and 


PAUL NUMEROF 
Squibb Institute for Medical Research, New Brunswick, N. J. 


(Received 22 Fune 1956) 


Radioactive reserpine has been prepared with a specific activity of 225,000 dpm/mg 
by the recoil triton method. Approximately half of the tritium activity is located in non- 


labile positions in the reserpic acid nucleus. 


Marquage radioactif de le réserpine par recul de tritium 
On a préparé de la réserpine radioactive d’activité spécifique égale a 225,000 dpm/mg par 


la méthode des tritons de recul. 


Environ la moitié de l’activité du tritium est localisée dans 


des positions non labiles sur le noyau acide réserpique. 


MeyeHoro MeTOXOM Aep TPUTHA. 
MeTOJOM AZep TpuTua. I] pumMepHoO AKTHBHOCTH TPUTHA B 


Radioaktive Markierung von Reserpin durch Tritium-Rtickstoss 


Radioaktives Resrpin mit einer spezifischen Aktivitat von 225,000 Teilchen/Minute/mg 


wurde auf dem Wege der Triton-Riickstoss-Synthese gewonnen. 


Annahernd die HaAlfte 


der Tritiumaktivitat ist in nicht-labilen Positionen des Resrpinsaurekerns lokalisiert. 


TRITIUM-LABELLED reserpine has been pre- 
pared with a specific activity of 225,000 
dpm/mg, by utilizing the recoil properties of 
tritons produced the  Li®(n,«)H? 
reaction.) This simple procedure has also 
been employed in labelling other com- 
pounds,‘! 2) but may perhaps be of greatest 


value in producing labelled compounds 
which have not been readily amenable to 
standard labelling techniques of chemical 
synthesis and biosynthesis. Reserpine is 
typical of compounds in this category— 
chemical synthesis and biosynthesis are 
difficult or impractical. 


* Presented at the Delaware Valley Regional Meeting, American Chemical Society, Philadelphia, 16 February 1956. 


+ Now at University of Kansas, Lawrence, Kansas. 


+ Reserpine labelled with C4 in the trimethoxy-benzoy] side chain has been prepared by chemical synthesis. '*) 
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j.—Irradiated reserpine samples 


Time in reserpine 
Li,CO, R 
reactor e- 
covered 


Weight 
reser- 
pine 


| 0-22g | 2 hours 120 mg 
132g | 0-04g | 72 hours 106 mg 


The active reserpine was prepared by 
irradiating a finely-ground mixture of reser- 
pine and Li,CO,. Two samples were 
prepared (see Table 1) and irradiated in a 
neutron flux of 1-8 x 101!* n/cm?/sec in the 
Brookhaven reactor. After irradiation, the 
mixtures, which showed only a. slight 
darkening from radiation damage, were 
treated with glacial acetic acid, leaving a 
large insoluble residue. Most, but not all, of 
this residue was soluble in benzene. 

The reserpine from sample | was extracted 
from the glacial acetic acid with chloroform 
and then successively recrystallized ten 
times from methanol. The constant specific 
activity of the later fractions, as shown in 
Table 2, demonstrates the absence of 
radioactive impurity after several crystalliza- 
tions. 

After the crystallizations, the purified 
reserpine from sample number | was diluted 
with three times its weight of nonradioactive 
reserpine as carrier and then hydrolysed to 
trimethoxybenzoic acid and reserpic acid.‘ 
Melting points of the hydrolysis products 
were not depressed when mixed with 
authentic samples of trimethoxybenzoic acid 
and reserpic acid. The specific activities of 
the reserpine and its hydrolysis products are 
given in Table 3. 


TasLe 2.—Specific activity of recrystallizations of 
reserpine from ethanol 


Fraction  Spec.act. Fraction Spec. act. 


28,900 
27,600 25,900 
26,800 26,700 
26,100 25,300 


27,100 


35,900 | 26,100 
| 


TasBLe 3.—Specific activity of reserpine degradation 
products 
| 
Spec. act. 
dpm/pmole | 


Compound 


Reserpic acid hydrochloride 7,600 
Trimethoxybenzoic acid | 5,200 
Reserpine | 15,900 


Approximately half of the tritium activity 
of the reserpine molecule is contained in 
positions in the reserpic-acid nucleus which 
are stable in strong alkali. A smaller 
fraction of the original activity is present in 
the trimethoxybenzoyloxy side chain, while 
the remainder of the activity is either in the 
methyl ester group which is lost in this 
degradation, or is labile under the degrada- 
tion conditions.‘ 

The reserpine from sample number 2 was 
also extracted from the glacial acetic acid 
with chloroform and recrystallized. The 
first three crystallizations all had the same 
specific activity, 225,000 dpm/mg, within 
the error of measurement. Aliquots of this 
reserpine sample were subjected to descend- 
ing paper chromatography and paper electro- 
phoresis. ‘Tritium assay of each paper 
showed the positions of radioactivity and 
reserpine to be coincident. 

Calculations from cross-section and flux 
data show that the observed specific activities 
in reserpine represent retention of approxi- 
mately 18% of the tritium produced. 
The remaining activity presumably goes 
into hydrogen, polymer, and other degrada- 
tion products. 

The specific activity and fraction recovered 
depend on several variables: Susceptibility 
to radiation damage; time of exposure; 
weight per cent and particle size of the 
lithium compound, etc. In a favourable 
system, benzoic acid-Li,CO,, specific activity 
of about 10? dpm/mg and 50% recovery of 
the bulk benzoic acid have been obtained.°®? 
Large molecules, such as reserpine, do not 
offer such a favourable irradiation system. 
Experiments to determine optimum irradia- 
tion conditions for reserpine, as well as 


_other systems, are in progress. 
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F. S. Rowland and Paul Numerot 
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Techniques for Pernicious Anemia 
Diagnosis with Radiocyanocobalamin 


D. L. TABERN and ROBERT STOREY 


Department of Radio-Pharmaceuticals Abbott Laboratories, North Chicago, Illinois 


(Received 12 September 1956) 


This paper represents an attempt to delineate the optimal conditions for the use of cobalt- 
labelled B,, in the diagnosis of pernicious anemia and in the testing of intrinsic factor samples. 
Data presented indicate that the optimal amount of total B,;, administered should be some- 
thing of the order of 0.5 to 0.7 wg, with the activity used running between 0.1 and 0.5 yc, 
depending upon specific counting setup. A very simple arrangement for counting a liter 
of the urine avoids the necessity for evaporation or concentration of samples. 

In testing the intrinsic factor, levels used should preferably be on the under side of what 
is clinically regarded as a clinically effective dose. Data thus secured seem to be in agreement 
with the official clinical response test, and particularly if subsequent flushing doses are employed 
in questionable cases, the test would seem to pose no significant hazard to the patient or 
individual being used for clinical evaluation. 


Techniques de diagnostic de l’anemie pernicieuse a l’aide de 
radio-cyanocobalamine 


Ce mémoire constitue un essai d’esquisse des conditions optimum d’utilisation de B,, 
marquée au cobalt, dans le diagnostic de l’anémie pernicieuse et dans |’expérimentation 
d’échantillions d’agent intrinséque. D/’aprés les données présentées, la quantité totale 
optimum de Bj, administrée serait de l’ordre de 0,5 a 0,7 yg, l’activité utilisée allant de 0,1 
a 0,5 wc, suivant le dispositif de comptage. Un systéme tres simple de comptage d’un litre 
d’urine évite d’avoir a évaporer ou concentre les échantillons. 

Dans l’expérimentation de l’agent intrinséque, il est préférable d’utiliser des niceaux 
inférieurs 4 ce que cliniquement, on considére comme une dose cliniquement efficace. Les 
données ainsi obtenues semblent en accord avec le “‘test-réponse clinique”’ officiel, et, surtout 
si par la suite des doses d’entrainement sont administrées dans les cas douteux, le test ne 
semble pas offrir de risque notable au malade ou au sujet utilisé pour l’evaluation clinique. 


Merox, 


OTa CTAThA NOMbITKY OMpeeseHUA IpuMeHeHuA 
MCHbITAHHM MpenapaToR PakTopa. aHHble CBUeTeIbCTBYIOT 
O TOM, 4TO KOUMYeCTBO B-12 ObITh 0,5 — 0,7 
MUKpOrpaMM C aKTMBHOCTHIO OT 0,1 0,5 MMKPOKIOPM B 3aBMCHMOCTH OT 
cyeTunKa. OueHb Mpocroe M3MepeHMA AKTHBHOCTH 
HeOOXOAMMOCTH WIM Mmpod. 

IIpu tTecre (akTOpa MIPMMeHATh MeHbIIMe, 
Oes0macHOCTH M B COMHMTeJIBHBIX YBeIMYMBATh MOCTeMeHHO, TO TeCT 
He OyfleT CKOJIbKO CepbesHol OMaCHOCTM WIA 
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Diagnose der perniziésen Anemie mit Hilfe von Radio-cyanocobalamin 


In der vorliegenden Arbeit wird versucht optimale Bedingungen aufzufinden fiir die 
Verwendung von kobaltmarkiertem B,, in der Diagnose der perniziése Anemie und bei der 
Untersuchung von Intrinsic factor-Proben. Die angefiihrten Daten ergeben, dass die optimale 
Gesamtmenge des verabreichten B,, etwa 0,5-0,7 Mikrogramm betragen soll, wahrend die 
verwendete Aktivitat, je nach der beniitzten Zahlapparatur, 0,1—-0,5 Mikrocurie ausmachen 
kann. Durch eine enfache Einrichtung zur Aktivitatsmessung von | Liter Harn vermeidet 
man, dass die Proben konzentriert oder eingedampft werden miissen. 

Beim Test des Intrinsicfaktors solltex die verwendete Strahlendosis jednfalls niedriger 
sein, als die kleinste klinisch wirksame Strahlendosis. Daten, die auf diesem Wege erhalten 
wurden, scheinen im Einklang zu stehen mit dem iiblichen klinischen Test. Der neue Test 
stellt keine Strahlungsgefahrdung fiir Patienten oder Versuchspersonen dar, besonders, 
wenn anschliessend nicht-radioaktives B,, zum *’Nachspiilen” verabreicht wird. 


It has long been recognized that iron plays 
a vital role in simple macrocytic anemias. 
The isolation of cobalt-containing vitamin 
B,., and the demonstration of its specificity 
in the prevention and treatment of pernicious 
anemia, has provided us with a second 
example of the essential nature of a trace 
metal. Hemolytic anemia is due to some 


inherent defect in the red cells themselves; 
such red cells on incubation with high 
specific activity sodium chromate do take 
up traces of chromium without affecting 


their normal existence. 

Fortunately, all three of these metals— 
iron, cobalt, and chromium—have excellent 
isotopic species, and tracer studies with 
these have contributed materially during 
the last few years to our knowledge of these 
important pathologic states. In fact, labora- 
tory tests are in the process of evolution 
which may well prove as accurate, as 
characteristic, and as time saving for these 
as the iodine-131 thyroid uptake is in the 
clinical study of thyroid physiology. . 

The human relies heavily on his diet 
to provide his supplies of vitamin Bjp. 
The amounts involved are fantastically 
small—of the order of a few micrograms 
per day. It is now known that, in the 
human, absorption takes place only in a 
limited portion of the gastrointestinal tract, 
and then only in the presence of a still 
unpurified protein or enzyme known as 
intrinsic factor. The pernicious-anemia 
patient, or one who has had the lower 
portion of his stomach removed, does not 
elaborate intrinsic factor, and _ therefore, 
no matter how much B,, is given orally, 


almost none is absorbed, and therapy is 
ineffective. 

To date, it has been impossible to produce 
or simulate this state in lower animals, 
and hence, we are totally dependent upon 
clinical material for assays, and for our 
knowledge of the effect of various drugs. 

As is usual, there are varying degrees of 
dysfunction, and other various clinical 
entities which simulate pernicious anemia. 
Diagnostically, the problem is further com- 
plicated by the fact that most patients 
have been subjected to multiple therapy 
of an arbitrary nature, from which they 
cannot be removed for long periods of time 
without risk of clinical relapse, with resul- 
tant neurological damage. 

There is an obvious need, then, for a 
simple, rapid and accurate diagnostic test 
for pernicious anemia in its various stages. 
Several have recently been proposed, all 
based upon the measurement of the absorp- 
tion of orally administered radio-cyanoco- 
balamin (Co® radiovitamin B,,).. HENLE” 
has, using a scintillating counter, measured 
fecal excretion of activity over a period of 
several days. The practical, as well as the 
esthetic, problems are obvious. Grass‘) 
has measured the amount taken into the 
liver, employing a number of counts made 
over the liver area. One theoretical dis- 
advantage is that one intentionally collects 
a significant number of counts of a long- 
lived isotope in the liver. A more practical 
disadvantage is that four to five days elapse 
before the liver content is maximal, and 
has leveled off, and a “control” run requires 
a similar period of time. 
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ScHILLING™) a year or so ago succeeded 
in inducing urinary excretion rather than 
liver pickup, of the absorbed B,, through 
the parenteral administration of a 1-mg dose 
of inactive B,,, shortly after the oral ‘‘hot”’ 
dose. This procedure has been so successful 
that subsequent work has been largely 
devoted to delineation of the conditions 
giving optimal response, and maximal re- 
producibility. Certain unexpected sources 
of error have appeared. Equally important 


today is the use of the procedure in an 
inverse manner to quantitatively assay the 
potency of research and production intrinsic- 
factor samples. In fact, the method is under 
active study in a number of laboratories, 
with a good possibility that in some form 
it will become the official USP assay for 
intrinsic factor. The studies here reported 
are a part of this effort, and emphasis will 
naturally be placed on certain technical 
aspects of the procedures. 


CLINICAL PROCEDURES 


This work has been a co-operative project 
with Dr. StrevEN ScHwartz and Dr. WILLIAM 
Mastow of Cook County Hospital, Chicago, 
Illinois. More than 700 determinations 
have been carried out. Data have been 
evaluated regarding some 62 pernicious- 
anemia patients and 48 normals. For the 
current quantitative intercomparisons, a 
smaller group was selected from among 
these, on the basis of their accurately known 
clinical status and their willingness to co- 


operate completely. The subjects used were 
patients in the hematology clinic of Cook 
County Hospital. Each had been subjected 
to careful examination, and the diagnosis 
of pernicious anemia confirmed by blood 


studies, and at least one preliminary Schilling 
test. They arrived early in the morning, 
without food, and were given a carefully 
assayed oral dose of either 0.5 or 0.25 uc 
of cobalt-labelled cyano-cobalamin in 10 c.c. 
of solution or, better, as a capsule. Two 
hours later, 1 mg of inactive vitamin B,, 
(Bevidox) was given parenterally. The 
patients then returned home with instruc- 
tions to consume ample fluids, and to collect 
all urine, including the morning specimen. 
The patients reported back and, in 
certain experiments, added flushing doses 
of 1 mg were given at this time. The 
urines were set aside and counted as 
follows. 


ASSAY PROCEDURES 


Instead of laboriously concentrating the 
urine, we have made use of the very simple 
system shown in Fig. 1. One litre of urine 
is poured from a collection bottle into a 
standard calibrated “litre solution” bottle 
and set on a frame, separated from the 
sensitive portion of the sodium-iodide probe 
scintillator only by a thin plastic cup (used 
to avoid contamination). In a few instances, 
urine volumes were less than 1000 c.c., and 
these were brought up to volume. In any 
case, an appropriate correction was made 
for differences between the volume excreted 
and the volume counted. Standards were 
prepared by dissolving a capsule containing 
the same activity in 20c.c. of hot water. 
One c.c. of this was diluted to 1000 c.c. 
in an identical bottle, and was equivalent 


to 5% excretion: 2c.c. when diluted 
represented 10%, etc. Such a set of standards 
obviously sufficed as long as that of doses 
was being used. The observed counts of 
these standards were plotted, giving a 
straight-line characteristic for that particular 
system, from which cobalt-B,, urinary out- 
puts were read directly in per cent. 

Our studies involved several phases, and 
these will be reported individually. 


(1) Relation of dose and dosage form to response 

In the literature, doses had varied all 
the way from 0.25 to 50 ug of By. > © 
These larger doses had originally been 
dictated by the low specific activities then 
obtainable. Certain groups still seemed to 
prefer 2.0 wg, while our early experiments 


TABLE | 
| 

Patient ug Base% | E-5233 
W. B. 0.66 3.3 13.9 
2.0 0.8 
W. CG. 0.66 1.0 11.0 
2.0 0.25 2:9 
F. j. 0.66 1.7 15.5 
2.0 0.65 

2.0 Level 0.6 level 
Average response 4.6% 13.5% 
Average base 0.56°% 20% 
Response over base 4.04% 115%, 


The 0.6-ug level gives 2.8 times as many net counts 
per uc administered as the 2.0-yg. 


seemed to indicate definite advantages for 
smaller amounts. Hence, careful inter- 
comparisons were made, using the same set 
of patients in all cases, and with all other 
conditions as comparable as possible. We 
selected three levels, 0.33, 0.66, and 2.0 ug, 
the total radioactivity given remaining 
constant or varying by a known small 
factor. The counts observed in the urine 
of pernicious anemia patients varied in- 
versely with the weight of the dose, corre- 
sponding to an average of 0.5% at 2.0 ug, 
and 2.5% at the 0.66 wg of B,, level. The 
tests were repeated on the same patients 
a few days later with the conditions again 
being the same, except that each was then 
given orally, along with the labelled B,,, 
a capsule of a known potent intrinsic factor 
(E-5233), which was used throughout the 
work. The output responses were 2.0 and 
15° respectively at these two levels. There 
was a slight increase in response at the 
0.33-ug level, but this seemed to be too small 
to be of practical importance. While the 
ratio of counts before and after intrinsic 
factor, at the two dose levels, were essen- 
tially the same, it can be seen that the lower 
doses gave maximum urinary output per yc 
administered. Of more practical importance 
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is the fact that outputs of less than 2% 
provide counts only slightly over background, 
while outputs of from 5 to 15% can be 
determined with a more than ample degree 
of accuracy. It would seem, therefore, 
that doses of not greater than 0.5 and 0.7 ug 
are optimal. 


(2) Efficiency of counting 

The various counting systems used pro- 
vided us with an opportunity to compare 
counting efficiencies. (A) was the customary 
well scintillator limited by its capacity to 
3-5 c.c.: (B) was the system shown in the 
right of Fig. 1, with the customary | x 1 
sodium iodide crystal; (C) was a similar 1? 
x 2in. crystal in a 3-in. lead _ shield 
surrounding the entire unit—left of Fig. 1; 
and (D) was a crystal with a pulse-height 
discriminator. 

As is seen from Table 2, the simple and 
inexpensive device (B) gives three times, 
and the 1# x 2 crystal in device (C), 
eighteen times as many counts per patient 
as does the use of a well scintillator. While 
the geometry of system (D) as used was 
not optimal, there did not seem to be any 
particular advantage to this more expensive 
device, for this particular purpose. 

With systems (A) and (B), it is preferable 
to use 0.5 wc, but with system (C) doses 
of 0.25 wc are ample and probably can be 
reduced to 0.1 wc if half-hour counting 
periods are employed. 


(3) The effect of various levels and purities of 
intrinsic factor on output 
The mechanism by which intrinsic factor 
combines with B,,, and makes possible its 
absorption through the intestinal wall, is 


2.—Radiocyanocobalamin 
dose—5% excretion 


(A) (B) (C) 
Crystal size Scint. well | Scint. probe | Large scint. 
probe 


1? in. x2 in. | lin.xlin. | 1}in. x2 in. 


Background 385 350-400 195 +2 
Counts over 66 210 1200 
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still obscure, but there is an optimal amount 
for a given dose of B,. beyond which added 
amounts of intrinsic factor are without 
effect. Evidence is accumulating that there 
may be present, in some crude preparations, 
a second factor which hinders absorption 
slightly, so that with increasing doses there 
may be a net decrease rather than an 
increase in absorption.7-™ It should be 
emphasized here, however, that with today’s 
preparations, this effect becomes significant 
only at ratios of intrinsic factor to the 
therapeutic doses of B,,, much greater than 
those used in medicine, and is of no practical 
therapeutic significance. 

From among the many intrinsic factor 
preparations used in the program, two 
were selected for this particular study. 
One was known, from both Schilling and 
other clinical tests, to be active in the usual 
range of 35-39 mg, and the other was a 
much more purified fraction known, from 
the same tests, to be active at 5-8 mg. 

The same “standardized” patients were 
given a total of four doses of each intrinsic 
factor preparation corresponding to 33%, 
50%, 100%, and 200% of the “‘active dose”’ 
level. As will be seen from Fig. 2, our 
selection of levels for testing had indeed 
been such that all were on the rising portion 
of the curve. It is obvious, however, that 
the degree of response varies from patient 
to patient, and must be known for quanti- 
tative comparisons. That the shape of the 
curves for the two preparations is similar 


Oo 


Jf 


100 
Per cent of clinically active dose of 
intrinsic factor concentrate 


Fic. 2. 


*fo of radioactivity excreted / 24 hrs. 


also would seem to indicate that the test 
is applicable to samples varying widely in 
activity, particularly if each preparation 
is run at several levels, at least one of which 
should be about half the clinically effective 
level. From the maximal heights secured 
with the two preparations, it is also obvious 
that sample B, while meeting the arbitrarily 
set response limits, really is, on a comparative 
basis, not as active at 5 mg as is sample A 
at 39mg. Using the recent formula of 
Best,??) the ‘“‘effective’’ dose is not 5 
but 8 mg. 


(4) Intercomparisons with clinical evaluation 
methods 

Once variables had been delineated and 
standard conditions set up, it also became 
necessary to show that the results were in 
agreement with the official “clinical response 
test’? performed on __ pernicious-anemia 
patients in relapse. During recent months, we 
have had occasion to run samples by both 
methods. In every instance where the tests 
were definite, samples reported active. 
clinically also gave a positive result by this 
modification of the Schilling test—as indi- 
cated by a B,, excretion which was (1) at 
least 10°, and (2) more than threefold the 
value secured on that same patient in the 
absence of intrinsic factor. 


(5) Safety for the patient 

Such a test should obviously pose no 
significant hazard to the patient. It can 
readily be calculated that the pernicious- 
anemia patient, given 0.5 wc, will absorb 
less than 0.05 wc, some 40% of which will 
be excreted within twenty-four hours, leaving 
at the most, 0.03 wc at the end of this time. 
As we shall see in the next section, amounts 
up to 15 or 20% are excreted on day 2, 
and additional small amounts on the follow- 
ing days. One can reduce this even further 
by subsequent parentetal 1 or 2-mg flushing 
doses, which, incidentally, at the same time 
provide therapy for the patient. Since the 
permitted body level is 3.0 uc, one can 
easily see that the test operates under a 
factor of safety at least as great, and probably 
greater as the thyroid-gland uptake with 
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151. Minimal retention was also indicated 
by monitoring experiments over the liver 
area which have been carried out through 
the co-operation of Dr. Hummon and Mr. 
LANDAUER after the administration of a 
number of doses to a given test patient. 
At the end of a week or two, the liver counts 
were only approximately twice the back- 
ground. There would, therefore, seem to 
be little if any advantage in using the 
shorter-lived cobalt-58 whose cost is far 
greater, and whose rapidly changing specific 
activity would make maintenance of the 
essential constant dose very difficult. 


(6) Effect of repeated flushing doses 


In order to gather additional evidence 
regarding the retention of activity in the 
body and the response of patients to con- 
tinued administration of inactive B,,, the 
experiment summarized in Fig. 3 was 
carried out, using the same three patients 
whose responses are averaged. On the first day 
(point A), the usual B,, and intrinsic factor 
was given and responses placed equal to 
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100%. We see that on the following day, 
only 40° as much appeared in the urine, 
and on the third day, only 10%. At B, 
the same dose of radioactive B,, without 
intrinsic factor, produced a response only 
15° as great as it did with intrinsic factor at 
A, as is characteristic of the pernicious-anemia 
patient. Again, on the fifth day, excretion was 
nominal. The response to intrinsic factor and 
radio B,, was repeated at C and D—the per 
cent response decreasing, because during the 
experiment a total of 10 mg of inactive B,, 
had been given, more or less “saturating” 
the body’s stores of By». 


DIAGNOSTIC USE 


With the establishment of the practical 
accuracy of the method as an analytical 
tool, it also assumed added stature as a 
diagnostic procedure. As indicated earlier, 
this will be reported in detail by ScowaRtTz 
and Mastow. Very briefly, however, the 
great majority of patients were found to fall 
into two classes: (1) Those with an excretion 
of less than 5%, and (2) those with an 
excretion of over 10%. If the latter value 
is observed, the hematologist can say with 
a considerable degree of accuracy, that 
the patient does not have pernicious anemia. 


If the output is less than 5%, the cause may 
be pernicious anemia, absence of intrinsic 
factor-producing tissue, sprue, or possibly 
an abnormal intestinal flora. To provide 
differentiation, the test is repeated on the 
next day, giving, as indicated earlier a 
capsule of standard, B,, free, intrinsic 
factor at the same time as the active B,.. The 
true pernicious patient will show at least a 
twofold (and often up to a fourfold) increase 
in percentage output, and the absolute value 
should be greater than 8-10% of the dose 
given. 


SUMMARY 


The technical details of a modified Schilling 
test have been presented which permit the 
simple and quite accurate evaluation of the 
state of suspected pernicious-anemia patients, 
without the necessity for removing them from 


prior therapy for more than a few days. It 
appears to provide the basis for a rapid and 
much improved assay for intrinsic factor pre 
parations, at a cost far lower than is possible 
with the hematologic response test now official. 
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A Laboratory for Studying the Chemical 
Effects of Gamma Rays’ 


J. F. BLACK, J. F. KUNC Jr., and G. B. CLARK 
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(Received 24 May 1956) 


A laboratory for studying how gamma radiation can be used to promote chemical 
reactions of interest to the petroleum industry has been built at the Esso Research Center 
in Linden, New Jersey, A 3150-curie Co®® gamma-radiation source is currently being used 
in this facility, but it is capable of handling gamma-ray sources of many times this strength. 
The source can be moved about and used in a cave which is completely instrumented for 
remote operation of equipment. When not in use, the source is stored in one of three dry wells 
provided in the cave floor. An effort has been made to design into this laboratory the maximum 
flexibility for safely investigating reactions over wide ranges of temperature or pressure and 
for conducting pilot-plant work. 

The cave is constructed of concrete. It is entered by means of a labyrinth. Events occurring 
in the cave can be viewed through a lead-glass window. Operations within the cave can be 
carried out remotely by means of two master-slave manipulators and a rectilinear crane. 
A wide variety of piping inlets, electrical connections, and control facilities are permanently 
installed in the cave to permit convenient operation of any type of process equipment. 
A control panel is mounted outside the cave next to the lead-glass window. This panel contains 
equipment for recording and controlling temperatures and pressures and for measuring the 
flow rates of reactants being introduced into the cave. 

The cave may be entered for the installation or servicing of reaction systems when the source 
is in its storage well. A system of safety devices insures that the labyrinth door cannot be un- 
locked for entry unless the Co® source is safely stored in its well. Another safety system 
prevents raising of the source when the cave is occupied. This last system includes features 
which guarantee that the operator has personally inspected the interior of the cave no more 
than 20 sec before the labyrinth door is closed. 

The radiation levels encountered at all positions outside of the cave are at safe levels when 
the source is in use. A gamma-radiation intensity of about 1,250,000 roentgens/hr is available 


in the center of the Co® pipe. 


Un laboratoire pour |’étude des effets chimiques des rayons y 


Un laboratoire destiné a l’étude des utilisations possibles des rayonnements y pour la 
production de réactions chimiques intéressant l’industrie pétroliére a été construit a l’Esso. 
Research Center a Linden, dans le New-Jersey. On utilise couramment pour la commodité 
une source de rayons y de 3,150 curies de ®°Co, mais on peut manoeuvrer des sources de 
rayons y d’intensité plusieurs fois supérieure. La source peut étre déplacée dans tous les 
sens et utilisée dans une cave entiérement outillée pour que les opérations d’installations se 
fassent a distance. Quand elle n’est pas en service, la source est emmagasinée dans |’un des 
trois puits secs pratiques dans le plancher de la cave. On a fait un effort pour prévoir dans 
ce laboratoire la souplesse maximum afin d’étudier sans encombre des réactions couvrant 
un large domaine de température ou de pression et d’effectuer des travaux avec un matériel- 


pilote. 


+ Adapted from a paper presented at the 27 September 1955 meeting of the Atomic Industrial Forum. 
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La cave est en béton. On y entre par un labyrinthe. On peut voir par une fenétre en verre 
au plomb ce qui se passe dans la cave. Les opérations se faisant a l’intérieur de la cave sont 
dirigées a distance par deux manipulateurs robots et un pont roulant rectiligne. Toute une serie 
d’arrivées de fluides, de connections électriques, de moyens de contréle sont installés en 
permanence dans la cave pour permettre n’importe quelle opération adéquate dans 
linstallation d’une expérience. Un tableau de contréle est monté a cété de la cave, prés de la 
fenétre en verre au plomb. Ce tableau contient l’équipement d’enregistrement et de contréle 
des températures et pressions et de mesure des vitesses d’écoulement des réactifs introduits 
dans la cave. 

On peut pénétrer dans la cave pour installation ou pour le service des montages des 
réactions, lorsque la source est dans son puits d’emmagasinement. Une systéme de dis- 
positifs de sécurité empéche la porte du labyrinthe d’étre ouverte vers l’entrée excepté si la 
source de ®°Co est emmagasiné a l’abri dans le puits. Un autre systéme de sécurité empéche 
que la source soit remontée quand la cave est occupée. Ce dernier systéme comporte des 
caractéristiques prouvant que l’opérateur a personnellement inspecté l’intérieur de la cave 
pas plus de vingt secondes avant que la porte du labyrinthe soit fermée. 

Les intensités d’irradiation en tout point extérieur a la cave sont au niveau de sécurité 
quand la source est en service. Au centre du cylindre de ®°Co on peut avoir une intensité 
de rayonnement y de 1 250 000 réentgens/h. 


JlabopaTopua XUMMYeCKOrO TelicTBUA raMMa-Jyyeit 


B Lentpe 3cco, 8 mocrpoena 
C BO3MOAKHOCTH BOBOYsK IPM raMMa-Jyyeil, 
XMMMYECKHX peakMii, WHTepec He*bTAHOM B 
BPeMA B IPMMeHAeTCA UCTOUHMK Co axTHBHOCTbIO 
MoujOocTH. McrouHMk MO+KHO 10.1b30BaTbCA UM B KaOWHE, MOIHOCTbIO 
oOopyOBaHHOli 1H Ha pacctosuHuu. Horja MCTOUHUK He HyKeH JIA padoret, 
OH XpaHUTCA B TpeX AM, YCTPOeHHBIX B BO3MO- 
*KHOCTh TIPOBeCHMA PadoT OesonacHoro peakMit B 
MHTepBalle TeMMepatyp UM BO BCeii CUCTeMe MAKCHMaJIbHO BO3MO- 
THOKOCTE. 

Ha6una m3 Oetona. B Hee yepe3s Hadmopenue 3a TeM, 4TO 
B KaOMHe, BeeTCA Yepe3 OKHO CO CBHHIOBLIM CTeKJIOM. VupaBsleHue onepaluAMn 
BHYTpH KaOWMHbI Ha PaCCTOAHUM MOMOWM MaHI- 
TPyOOK, BBOOB M KOHTPOJIbHEIX YCTPOICTB, YTO JaeT BOSMOAKHOCTL padoTaTb 
c Ha3sHayeHHA. CHapyin BOUM3M OKOWIKA CO CBMHILOBbIM 
CTeKJIOM, MOMeIaeTCH KOHTPOJbHEI Ha oToM 
B KaOMHY 

B JIA MOHTasKa OOOPyOBAHUA MIM 3a HUM BOSMOPKEH, MCTOUHMK 
HaXOAUTCA B 9TO BpeMA B AMe. CuCTeMa ycTpoiictB 
H€BO3MO7KHOCTb OTKPLITh UCTOYHUK He yKpbIT Hajle*KHBIM 
B CUCTeMa He NO3BOJIAeT NOAHATb M3 AMBI, €CJIM B KaOMHE KTO Ib 
HaxoguTca. B ory CuCTeMy BXOAAT ycTpoiicrBa, YTO OCMOTP KaOMHbI 
OMepaTOPOM He paHbille, 3a 20 CeKYH] 0 TOO, Kak [Bepb 

Bo BpeMAA 1101b30BaHHA MCTOUHMKOM YpOBeHb BO BCeX CHapyKu 
He Gesomacnoro. B yeutpe Co% momer OnITb 
HHTCHCHBHOCTb OKOTO 1,250,000 pentren yac. 


Ein Laboratorium zur Untersuchung der chemischen Wirkungen 
von y-Strahlen 


Im Esso Research Center in Linden, New Jersey, wurde ein Versuchslaboratorium einge- 
richtet, dessen Aufgabe es ist, die Verwendung von y-Strahlung zur Beschleunigung chemischer 
Prozesse, die in der Petroleumindustrie eine Rolle spielen, zu untersuchen. Eine 3150- 
Curie Co® y-Strahlenquelle wird derzeit zu diesem Zwecke verwendet, die vorhandenen 
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Einrichtungen bieten jedoch die Méglichkeit, y-Strahlenquellen von bedeutend grésserer 
Intensitat zu beniitzen. Die Quelle ist nicht fix montiert, sondern kann frei im Inneren 
eines abgeschirmten Raumes, der vollstandig mit Fernbedienungsgeraten ausgestattet ist, 
bewegt werden. Bei Nichtverwendung kann die Quelle in einen der drei vorgesehenen 
Schachte unter den Boden des abgeschirmten Raumes versenkt und aufbewahrt werden. 
Bei der Einrichtung dieses Laboratoriums war man bestrebt, grésstmégliche Sicherheit und 
Bewegunsfreiheit bei Untersuchungen innerhalb eines ausgedehnten Temperatur- und 
Druckbereichs und bei Versuchen an Probeanordnungen zu erreichen. 

Die Wande des Abschirmraumes bestehen aus Beton, der Eingang ist nach Art eines 
Labyrinthes und das Innere des Raumes lasst sich durch ein Bleiglasfenster iibersehen. 
Arbeiten im Versuchsraum kénnen von aussen mit Hilfe von zwei Spezialfernbedienun- 
sanlagen (master-slave manipulators) und durch einen geradarmigen Kran ausgefiihrt 
werden. Eine grosse Anzahl von rohrférmigen Einlassen, elektrischen Anschliissen und 
Kontrolleinrichtungen sind fix in den Schutzraumwanden montiert und gestatten eine 
bequeme Handhabung samtlicher Versuchsapparaturen. Ein Kontrollstand befindet sich 
ausserhalb des Versuchsraumes in der Nahe des Bleiglasfensters, Dieser Stand enthalt Gerate 
zur Registrierung und Kontrolle von Druck und Temperatur und zur Messung der Fliess- 
geschwindigkeit der Reagentien, die in den Schutzraum einlaufen. 

Falls Installationen oder Hantierungen an den im Schutzraum befindlichen Apparaten 
nétig sind, kann der Raum betreten werden, wenn die Strahlenquelle im Schacht versenkt 
ist. Ein System von Sicherheitseinrichtungen versperrt den Labyrintheingang, solange die 
Co®®-Quelle sich ausserhalb des Aufbewahrungsschachtes befindet. Ein weiteres solches 
System verhindert die Ausfahrt der Quelle aus dem Schacht, solange sich Personen im Inneren 
des Schutzraumes aufhalten. Diese Einrichtung ist so angelegt, dass Garantie dafiir besteht, 
dass den Versuchsraum verlassende Person das Innere des Raumes iiberblickt, bis 20 Sekunden, 
bevor die Labyrinthtiire geschlossen wird. 

Wahrend die Quelle in Beniitzung steht, iibersteigt die Strahlungsintensitat ausserhalb 

¥ des Schutzraumes an keinem Orte die vorgeschriebenen Sicherheitsgrenze. Im Zentrum des 


Co®®-Rohres wird enie Intensitat der y-Strahlung von 1,250.000 r/Stunde erreicht. 


THE availability of strong sources of gamma 
radiation resulting from the operation of 
nuclear reactors has stimulated a great deal 
of interest in the development of industrial 
uses for this form of radiation. A laboratory 
for studying how gamma radiation can be 
used to promote chemical reactions of 
interest to the petroleum industry as well as 
for investigating the effect of gamma radia- 
tion on petroleum products has been built 
by the Esso Research and Engineering 
Company at the Esso Research Center in 
Linden, New Jersey. The principal design 
and construction features of the laboratory 
are described in this paper. 

The laboratory is a one-story structure 
45 ft long and 42 ft wide, of brick-faced, 
cavity-wall construction designed to prevent 
moisture accumulation on the interior walls. 
As indicated in Fig. 1, the building consists 
of a radiation cave, a conventional chemical 
laboratory, a utility service room, an office, 
and a lavatory. 


In designing the laboratory, and in 


particular the radiation cave, the principal 
objective was to provide a facility with the 
maximum amount of flexibility and versa- 
tility for safely conducting experiments with 
a multikilocurie gamma-ray source. Chemi- 
cal reactions can be carried out in the cave 
in the presence of intense gamma radiation 
either under static conditions or in flow 
systems and over a wide range of temperature 
and pressure. The operating conditions can 
be controlled and recorded with the same 
accuracy as is obtainable in conventional, 
unshielded laboratory work. Enough space 
is provided in the cave to permit reasonably 
large-scale experimental equipment to be 
used. 

The cave is designed so that any solid 
gamma-ray emitter of high specific activity 
can be employed as the radiation source. 
It is constructed specifically, however, for 
the efficient manipulation of an aluminum- 
sheathed Co*®® source in the form of a 
2-in. outer diameter by 13-in.-long pipe 
of the type obtainable from the Brookhaven 
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National Laboratories, Upton, Long Island, 
New York.” Liquid, gaseous, or powdered 
radioisotopes are not handled in this facility 


and, therefore, it is not necessary to take 
precautions against radioactive effluent in 
the ventilating or drainage system. 

The shielding specifications were estab- 
lished so that the maximum radiation intensity 
would not exceed one milliroentgen (mr)/hr 
on any vertical face of the cave or 6 mr/hr 
above the roof when a 10,000-curie Co®® 
source is located in any position in which it 
can be placed without great difficulty. 
The maximum radiation level inside the cave 
at any point on the floor was likewise 
stipulated to be 1 mr/hr or less with a 
10,000-curie Co®® source stored beneath 
the floor. The shielding specifications have 
been set at these low levels so that (1) 
extremely safe operations can be conducted 
with sources containing 10,000 curies of 
Co®® or its equivalent, and (2) safe operation 
will be possible with suitable precautions 
even if it is desirable to work with several 
times this quantity of radioactivity. The 
design of the radiation cave is described in 
detail in the following section. 


DESIGN 


Cave Shielding and Layout 


A general floor plan of the cave is shown in Fig. 2. 
The overall dimensions are 18 ft by 23 ft. The actual 
working area is a cubicle 5 ft wide, 6 ft deep, and 
63 ft high. 

The radiation shield between the working pit 
and cave is a wall 41 in. thick, made of concrete 
containing magnetite ore and having a density of 
192 Ib/ft®?. The remaining walls around the cave 
are 48 in. thick and are made of standard concrete 
having a density of 145 lb/ft?. The roof of the cave 
consists of standard concrete 36 in. thick. 

A lead-glass window 39 in. thick is mounted in the 
dense concrete shield. This window was designed 
and manufactured by the Corning Glass Works and is 
made up of six layers of lead glass. Between each 
successive layer of glass is a }-in. gap which is filled 
with a white oil of petroleum origin to reduce 
reflection and distortion. The window dimensions 
on the operating side are 17 in. high by 32 in. wide, 
while on the cave side they are 30 in. high and 35 in. 
wide. A steel, stepped form, designed to contain the 
steel-encased “package”? window, was cast in the 
concrete. To take advantage of the stepped design 
of the window, the side with the deeper steps was 
placed on top to increase visibility upward, since the 


window was installed with its base 2-in. above the cave 
floor. In order to prevent “‘fringing’’ of objects in 
the cave, when viewed through the lead-glass 
window, monochromatic sodium-vapor lamps were 
installed. The total output from these lamps is 
60,000 lumens. 

Entry into the cave is made through a 4-ft-wide 
shielded labyrinth. The labryinth-type entrance was 
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chosen, since space was not a critical factor and it 
offered a convenient, flexible “pipe chase” for 
introducing services into the cave. 

At the entrance to the labyrinth is a 2-in. thick 
lead-filled door hung by three steel strap hinges. 
This door has two functions—(1) to act as a shield 
to reduce scattered radiation and (2) to be the 
primary barrier preventing entry into the cave unless 
the radiation level in the cave is low enough to 
permit safe entry. The latter point will be discussed 
more fully later in this paper. 

As indicated in Fig. 3, an aluminum-wire-mesh 
screen and safety gate extends from the floor to the 
ceiling and forms the entrance into the actual 
working area of the cave. The primary function of 
the screen and safety gate is to prevent the Co®® 
source from getting into a location where it would 
be difficult to recover. A removable concrete plug, 
also shown in Fig. 3, is cast into the roof of the cave. 
This plug will provide access for recovery of the 
source in the event of an accident if it cannot be 
handled with the remotely-controlled equipment. 
In case of such an accident the cave door can be 
sealed, the floor drains plugged, and the cave 
flooded with water. By removing the roof plug, 
it will then be possible to manipulate the source under 
water and return it to storage, using long-handled 
tools and under-water lights. 


Storage Wells 


Three dry-storage wells each 5 ft 5in. in depth 
are arranged in line in the floor of the cave, as shown 
in Figs. 2 and 3. The two end wells have been 
completed and either may be used for storing the 
source. These two wells have been provided so that 
an alternate storage well will always be available 
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if the entrance to the well from which the source was 
removed has been blocked by an accident during an 
irradiation. The middle well will be completed if it 
becomes desirable to use two sources within the cave. 
Dry wells rather than a water well are being used 
to avoid corrosion problems. 

A schematic representation of the source at the 
bottom of one of the storage wells is shown in Fig. 4. 
The 3-lb Co® source has a thin-wall unanodized 
aluminum case which completely encloses the cobalt 
metal. To prevent mechanical abrasion of this 
aluminum case during manipulation and to provide 
a means for mechanically attaching the source to 
the lead plug at the top of each well, the source has 
been placed in an aluminum canister. 

The “canned” source is attached to the 10-in. 
thick lead plug by a monel sash chain and safety 
hook. The operating instructions for the cave 
specify that the source is to be attached to one of 
the well plugs at all times even when in use. In 
the event of an emergency, the source may be 
detached, but only with the specific permission of 
the cave supervisor. 

A 5-in.-thick lead shadow shield is used at the base 
of the two wells nearest the operating face to prevent 
direct radiation from passing through the earth and 
upward into the operating pit. If the crane, which is 
used to lift the lead plugs, should become inoperable 
while the source is out of storage, the source can be 
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attached to a hollow aluminum plug and placed in 
any of the three storage wells, using only the manipu- 
lators. The manipulators can then be used to fill the 
hollow plug with lead shot. This temporary plug will 
provide enough shielding so that the cave can be 
entered to repair the crane. The crane and the 


manipulators will be discussed in the following section. 


Equipment For Remote Operations 


Three devices for remote handling of materials 
in the cave proper have been provided. All of these 
devices are controlled from the operating pit. The 
location of these devices and their names are indicated 
in Fig. 5, which is a schematic view of the operating 
face of the cave wall. The prime remote handling 
device is a pair of Argonne Model 8 master-slave 
manipulators.) These are mechanical | : 1 motion 
transmitters capable of lifting loads of up to 10 ib. 
Their primary purpose is to give flexible remote 
control of delicate operations in the cave. To 
effectively use the manipulators, it was necessary 
to install the lead-glass window which was described 
earlier. 

With the manipulators it is possible to reach 
any point on the floor of the cave in front of the 
wire-mesh screen. The position of the screen was 
established at 6 ft 6in. from the operating face so 
that complete floor coverage with the manipulators 
would be possible. 

As has been pointed out, the manipulators are 
installed to handle objects on the floor of the cave, 
which is at the same level as the floor of the labora- 
tory. Therefore, for convenience in using the mani- 
pulators a 3-ft-6-in.-deep operating pit outside the 
window of the cave was incorporated in the design. 
- Standing in this pit, an operator can use the mani- 
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pulators with his hands at a comfortable level. 
This design also reduces the height of thick concrete 
wall required on all except the operating face of 
the cave. 

Two 8}-in.-diameter holes are cast into the opera- 
ting face shield to receive the manipulators, which 
have a diameter of 8 in. Above each opening is a 
laminated steel plate 36 in. long by 8 in. wide by 
4in. thick, which acts as a shield for direct rays 
which come upward through these openings. To 
shield against scattered radiation which comes 
horizontally through these openings, the through 
tube of each manipulator contains an 8-in.-thick 
lead shield with cutouts which permit tape travel 
and movement of the canting-arm bar. These 
cutouts leave sizable holes in the lead shielding 
and require the installation of an external manipu- 
lator shield on the laboratory side of the manipulator 
holes to further reduce the horizontal beam of 
scattered radiation. The design and location of the 
external shield is illustrated in Fig. 6. 

The manipulators can be removed for repair if 
necessary by canting the slave arm out straight and 
removing the whole manipulator into the laboratory. 
A hand-operated traveling crane, shown in Fig. 6, 
is available in the laboratory to assist in removing 
the manipulators. 

Inside the cave a counter-weighted, rectilinear 
crane is available to handle heavy loads, using }-in. 
stainless-steel cable, three hand-operated worm- 
driven winches, and related pulleys. The winches 
may be seen to the right of the lead-glass window 
in Fig. 6. The crane hook is suspended from an 
underhung traveling 7-in. steel I beam in the cave. 
This arrangement permits handling loads of 100 Ib 
or more. 

The final remote handling device is a conveyor 
which is used to move samples or other materials 
in and out of the cave without having to replace 
the source in the storage well. This is accomplished 
by hand-cranking a small wire-mesh basket from a 
shielded opening in the labyrinth wall along a 
track which leads through the labyrinth into the cave. 
The path taken by this track is indicated in Fig. 2. 
When the basket is cranked into the working area 
it pushes open a small spring-hinged door in the 
safety screen. This door snaps shut after the basket 
has passed. It must be held open, using one of 
the manipulators, in order to crank the basket out 
of the cave. 

Sample bottles or other materials can be inserted 
or removed from the basket in the cave, using the 
master-slave manipulators. This device also can 
be used to advantage for introducing tools or other 
equipment necessary for meeting emergencies which 
may arise in the cave. The conveyor opening into 
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the operating pit is shielded by a 1?-in.-thick 
steel door which is rolled to one side when the 
conveyor is to be used. The details of the sample 
conveyor port are shown in Fig. 7. 


Operating Utilities 

A variety of services are supplied to the cave. 
Each is controlled remotely from the operating pit. 
All lines, both electrical and mechanical, are intro- 
duced through the labyrinth and passed along the 
ceiling into the cave area. 

The services provided include nitrogen (45 psig), 
air (45 psig), steam (15 psig), cold water, and 
vacuum (22in. Hg gage). Two monel and two 
stainless-steel lines for either liquids or gases go 
through a multirange flowmeter on the instrument 
panel for controlled flow experiments. Four }-in. 
stainless-steel tubing lines from inside the cave 
terminate in pressure gages on the instrument panel 
for use during various experiments. In addition 
to these facilities, several other lines are introduced 
to add flexibility to the service set-up for the cave. 
These are two aluminum, two copper, four stainless 
steel, and four monel 3-in. tubing lines. These can be 
used for either gases or liquids. 

Seventy-two thermocouples (sixteen copper con- 
stantan and fifty-six iron constantan) are run from 
the cave to the instrument panel, where they may 
tie in to a temperature controller, an indicator, and/or 
a recorder. Twelve 30-ampere, 120-volt a.c. power 
lines are terminated in the cave in explosion-proof 


receptacles. They are switched and jumpered on 
the instrument panel to permit voltage control of 
any or all circuits. All wires entering the cave have 
type AVA insulation (varnished cambric over 
asbestos), which is more radiation-stable than most 
plastic or rubber-type insulators. 


Safety Provisions 


In the design of the cave and its facilities, 
automatic protection devices have been 
incorporated wherever possible. Particular 
attention has been given to the installation 
of electrical interlock systems which (1) 
will prevent personnel from entering the cave 
when the source is out of its storage well 
and (2) will guard against the removal of 
the source from storage while personnel are 
in the cave. These interlock systems have 
been designed to ‘“‘fail safe’? in case of 
electrical or mechanical failure of any of 
their components. 

When the cave door is closed, it is held 
closed by two spring-loaded locks. Both 
these locks must be operated simultaneously 
in order to open the door. One lock is of the 
mechanical variety. Keys to this lock are 
given only to those persons who have been 
thoroughly instructed for work with the 
radiation source. 

The second lock on the cave door is 
operated electrically by pushing a button 
on the wall near the door. Pushing this 
button will not operate the lock, however, 
unless all of the relays in an interlock system 
incorporated in this circuit are also closed. 
A schematic diagram of this interlock system 
is presented in Fig. 8. This interlock 
system will not deliver current to open the 
electric door lock unless (1) the source is 
put away in a storage well and all the plugs 
on both wells are firmly seated, (2) the 
safety bars above the plugs are locked in 
the position in which they prevent removal 
of the plug, and (3) the radiation level 
within the cave is less than any preset limit 
from 0 to 200 mr/hr, as registered on a 
high-level radiation chamber inside the 
cave. Each of these three necessary con- 
ditions will be discussed in detail. 

In reference to the first condition, two 
microswitches mounted on either side of each 
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well plug are closed by the plugs when they 
are firmly seated in their wells. As mentioned 
previously, the operating rules for the cave 
require that the source always be attached 
by a chain to the bottom of one of the plugs. 
Therefore, the plugs cannot be firmly 
seated unless the source is stored in the well 
capped by the plug to which it is attached. 
This condition is guaranteed by the fact 
that the chain will not fit between the plug 
and the wall of the well. Closure of the 
switches on the well plugs, therefore, insures 
that the source is safely stored in a well 
which is capped. 

Each well plug is held in place by a 
safety bar. This bar is swung across the top 
of the plug, where it engages a snap lock 
which locks it in position. Each of these 
locks for the safety bars contains a micro- 
switch which is closed by the bar when it is 
firmly locked across the top of the plug. 
The closure of these microswitches insures 
that the second condition in the safety 
interlock system has been satisfied; that is, 
the plug is locked in the storage well. 

The third condition is the absence of 
radiation within the cave. The radiation 
level within the cave is continuously moni- 
tored by an ionization chamber, which is 
attached to the ceiling at the southeast 
corner of the cave. This ionization chamber 
is designed specifically for long life and 
accuracy in the presence of the intense 
radiation fields which are present in the cave 
when the source is out of its storage well. The 
instrument contains a relay which is closed 
only when the radiation which it indicates 
falls below a selected level. ‘This level is 
usually set at 20 mr/hr or less. The radiation 


meter is designed to “fail safe” in that an 
interruption of power to the instrument will 
result in an opening of the switch in the 
safety interlock system. This switch, there- 
fore, can be closed only when there is a safe 
level of radiation within the cave. 

The interlock system just described pro- 
vides satisfactory assurance that the cave 
door cannot be unlocked electrically unless 
it is safe to enter the cave. There is still 
a chance, however, that a mechanical 
failure within the electric lock will result in a 
failure to lock the door at all. Under this 
circumstance, the existence of the second 
lock which is key operated would prevent 
all except those few people who possess 
keys from entering the cave. In case an 
unsafe condition should exist within the cave 
however, it is still necessary to warn these 
people that the cave should not be entered. 
For this purpose a check system has been 
provided across the interlock circuit. If 
any of the switches in the interlock system 
are not in a closed position when the 
electric lock button is pressed, this check 
system activates a klaxon-type horn emitting 
a very loud and continuous noise which 
cannot be ignored within the building. 
If pressure is removed from the door button, 
this horn can be turned off by operating 
a reset switch in the utility room. 


If the electric door-lock were mechanically stuck 
in an open position, however, it would still be possible 
to enter the cave by using the key-operated lock 
and not pressing the electric lock button at all. 
This event would be very unlikely, however, since 
only highly-trained individuals who would expect 
to operate both locks would have a key to the cave. 
To provide protection even under these conditions, 
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a door-button check system has been installed. 
When the cave door is opened, a limit switch on 
the door is released, closing the circuit across the 
open door button. Therefore, if any switch of the 
interlock system is in an open position when the door 
is opened, the klaxon will go off even though the open 
door button has not been pressed. The only way 
to shut off the horn is to correct the condition in 
the interlock circuit and then operate the reset 
switch in the utility room. 

As an additional protective measure, the presence 
of radiation within the cave is indicated visually by 
red lights. When the radiation detector within the 
cave is measuring more than its preset limit, a red 
light glows above the cave door and red lights flash 
continuously at each entrance to the building. A 
second radiation detector, identical with that in 
the cave, is mounted in the labyrinth above the 
sample conveyor entrance. If this detector measures 
more than its preset limit of radiation within the 
labyrinth, a red light continuously flashes above 
the cave door. 

Although the precautions which have been 
described should insure that no one can enter the 
cave when radiation is present, it may be desirable 
for some reason to completely prevent entry into 
the cave for a certain period. This can be done by 
means of a key-operated switch in the interlock 
system. When this key-operated switch has been 
opened it is impossible to open the cave door. 

The interlock system and the precautions just 
described prevent entry into the cave when the source 
is not safely stored. Similar precautions have been 
taken to insure that no one is in the cave when the 
source is taken out of its well. A schematic diagram 
of the interlock system which controls removal of 
the source from storage is presented in Fig. 9. 

In order to remove the source from its storage well, 
it is first necessary to unlock the safety bar which is 


held across the top of the plug. This is done by 
pressing a push button in the operating pit under 
the lead-glass window. The button cannot unlock 
the electric lock on the safety bar, however, unless a 
limit switch on the cave door has also been closed. 

This limit switch is closed only when the cave 
door is tightly shut. However, under ordinary 
conditions it is impossible to close the cave door, 
since a pin falls down from the upper door-frame 
whenever the door is opened. This pin prevents 
reclosing the door. The pin can be raised by means 
of a solenoid which is activated by pushing the 
acknowledge button located just outside the door. 
But this button will not activate the solenoid unless 
two switches have been closed inside the cave. The 
first of these switches is mounted just above the lead- 
glass window. This switch, which is closed manually, 
energizes an automatic 20-sec disconnect (time-delay 
relay) which stays closed for only 20 sec. The second 
switch is closed by closing and locking the safety 
gate in the cave. If the operator presses the switch 
above the window, he has 20 sec to close and lock 
the safety gate, leave the cave, and press the acknow- 
ledge button in order to raise the pin which allows 
the cave door to close. If the operator takes longer 
than 20 sec for this sequence of actions, the time-delay 
relay interrupts the circuit and the entire sequence 
must be repeated. These provisions guarantee that 
the operator has inspected and traversed the cave and 
the labyrinth to be certain that no one has been 
locked within the cave. 

Although the operator must close the cave door 
in order to lock the safety bar on the storage well. 
he may not necessarily unlock the bar immediately 
after closing the door. Such a delay, however, 
would introduce no element of danger. The entrance 
of anyone into the cave, unknown to the operator, 
would merely prevent him from unlocking the bar 
until he has revisited the cave and followed the 
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sequence of steps necessary to close the door again. 

Although these precautions make it virtually 
impossible for a person to be in the cave when the 
source is raised, provisions have been made to assure 
that if a person should be locked in the cave he could 
either escape or make his presence known. Although 
the locks on the door prevent the cave from being 
opened from the outside, a person can always leave 
the cave by turning a knob and pressing a panic bar 
on the inside of the cave door. Large signs on the 
inside of the door clearly indicate the position of this 
bar and knob and how they are operated. In case 
the person in the cave is too excited to open the door, 
there is a phone inside the labyrinth, and an inter- 
communication system is always open so that people 
outside the cave can hear any noises in the cave or in 
the labyrinth. 


Fire Protection and Prevention 


The cave is equipped with an automatic 
carbon-dioxide fire-protection system. A 
‘manual emergency release is located in the 
operating pit to permit rapid release of CO, 
if necessary. Two 75-lb cylinders will 
“dump” their contents initially and are 
backed up by two standby 75-lb cylinders. 


The cave, as well as the rest of the building, 
is also equipped with an automatic sprinkler 
system. 


INSTALLATION 


A safe, efficient sequence of steps was devised to 
insure full control of the source during its unloading 
and installation in the cave. To insure that the pro- 
cedure could be carried out successfully, the proposed 
steps were practiced several times in conjunction with 
a thorough test of the radiation safety system. 
A nonirradiated duplicate of the source was purchased 
to simulate “real” conditions during these practice 
sessions. This ‘dummy source”’ is now used as an aid 
to set up and test equipment being installed in the 
cave. Since the safety interlock system prevents 
entry into the cave when a radiation field is present, 
it seems impossible to interchange the dummy 
with the active source. As an added precaution, 
however, the dummy source is handled in a con- 
tainer which differs in both color and shape from 
that which sheaths the active source. 

The two principal objectives to be met during 
the unloading operations were: (1) to evaluate 
the radiation shield in a safe step-by-step manner 
and (2) to place the source under the control of 
the radiation safety system as soon as possible. 
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In order to minimize static electricity and 
sparking hazards, a topping of magnesium 
oxychloride was used on the floor of the cave 
and labyrinth. All ferrous materials are 
electrically grounded and wherever possible 
nonsparking metallic materials have been 
used. All electrical devices in the cave 
are either of the explosion-proof type or are 
enclosed in a metal enclosure and air-purged. 
As a last precaution, a 16-square-foot ex- 
plosion vent is built into the labyrinth roof 
at the cave door to relieve a sudden pressure 


buildup. 


Ventilation 


Once-through air-conditioned air is drawn . 
into the cave through a louvre above the 
labyrinth door in order to avoid the buildup 
of a serious concentration of hydrocarbon 
vapors. The exhauster used for this purpose 
changes the air in the cave once every four 
minutes. The cave-exhaust air duct changes 
direction four times to retain an effective 
radiation shield. A pneumatic atomizing 
humidifier has also been installed in the cave 
to minimize static electricity hazards by 
maintaining a minimum relative humidity 


of 35%, 


OF THE SOURCE 


These objectives were accomplished successfully 
by the following procedures. 

The source was received in a 3-ton lead pig of 
the type shown in Fig. 10. The source itself was 
contained at the bottom of the stainless-steel shipping 
basket, and the pig was capped with a tight-fitting 
(0.028-in. clearance) lead-filled plug. The plug 
and basket were attached securely to the pig itself 
by four keyed pins. With the 3150-curie source in 
the pig, it “looked at’? a minimum of 11 in. of lead 
which gave a maximum radiation level of about 
6 mr/hr. 

When the shipping pig had been locked in the 
working area of the cave, the plug was removed from 
the pig with the rectilinear crane. Using calibrated 
instruments, a radiation survey was performed with 
particular attention to the collimated beam on the 
roof directly above the source. This survey indicated 
a safe level of radiation around the entire installation. 
Next, a preattached bail on two of the pins on the 
basket was attached to the crane, which was then 
raised until the top of the source was even with the top 
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Fic. 10. Shipping pig 


of the pig. Another instrument survey indicated 
safe radiation levels around and above the entire 
cave. X-ray film was then placed at eighteen 
different points around the cave and the source was 


removed completely from the pig for 1 min. These 
films were immediately developed and showed no 
detectable exposure. The same procedure was then 
followed using a 30-min exposure of the source, 
with the same results. 

With these assurances that there were no dangerous 
radiation levels at any point outside the cave, the 
source and basket were removed from the pig and 
placed on the floor of the cave. The aluminum- 
sheathed source was removed from the basket by 
gentle shaking with the master-slave manipulators 
and placed in the aluminum container designed to 
hold the source under all conditions of use and storage. 

One of the lead plugs was removed then from, its 
storage well. The safety hook on the chain attached to 
the plug was connected to the bail on the top of 
the container. The assembly was then lowered into 
the storage well with the crane. 


Decontamination of Source 


Upon installation of the source in the cave, the 
remote-handling equipment was given an immediate 
and successful tryout due to the necessity for de- 
contaminating the source. The aluminum-coated 
pipe had picked up fission byproducts on its surface 
before shipment. These fission products had also 
contaminated the equipment used during unloading 
and storing. Successive washings in nonionic 
detergent and 0.1 N nitric acid followed by a thorough 
water rinse successfully decontaminated both source 
and equipment, as indicated by smear tests. With 
these operations complete, the calibration of the 
source and design and fabrication of working 
equipment was initiated. 


Source Strength Calibration 


The radiation intensities available for chemical 
experiments within the cave at various distances from 
the radiation source have been evaluated, using 
ferrous-ferric dosimetry.) The intensities measured 
by this technique are in close agreement with those 
calculated for a Co®® source of the same geometry.“ 

Radiation intensities measured at distances at 
which the Co®® could be regarded as a point source 
indicated that 3128 curies of Co® were present on 
28 June 1955. This compares to a value of 3133 
curies calculated from Brookhaven measurements 
corrected for decay to the same date. 


SHIELDING EVALUATION 


As mentioned earlier, the shielding provided 
within the radiation cave was designed so that a 
maximum radiation intensity of 1.0 mr/hr on any 
outside vertical wall and 6 mr/hr above the roof 


would be obtained using a 10,000-curie Co®® gamma- 
ray source at any convenient position within the 
working area. With the current source (approxi- 
mately 3200 curies of Co®) at any point in the 
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Taste |. Evaluation of shielding 
in Radiation Cave 
(Radiation intensities (mr/hr) obtained 

using 3155-curie Co®® source) 


Maximum 
Location at which a possible 
under ave- 
readings were taken _ radiation 
| fagecon- | intensity 
ditions* | 
| | 
| 
On outside of south wall | 
of cave 0.13 | 0.25 
On outside of east wall of | 
cave 0.17 0.64 
On roof over operating | 
area of cave 8.35 | 15.02 
On roof over ventilation 
duct 1.6 | 
On explosion vent over 
labyrinth 0.5 
On cave walls in utility | | 
room | 0.13 | — 
On operating face of cave 0.08 0.32 
On outer surface of lead | 
glass window | 0.08 0.32 
Around manipulator 
openings 0.24 | — 
Behind external manipu- 
lator shield 0.10 | 
Immediately below exter- | 
nal manipulator shield 0.38 


On door to sample 
conveyor — 0.2 
On laboratory face of 


labyrinth wall 0.10 
On vent above cave door 0.13 4.0 
On outside of cave door | 0.09 | 0.3 


* With 3155-curie Co® source at the center of the 
working area 1 ft above the floor. 

+ With the same source at that location in the working 
area which results in maximum radiation intensity at the 
position being measured. 

t Above specification levels—will be reduced by 
shielding. 


working area of the cave, the maximum radiation 
intensity measured at any position outside of the cave 
should be less than 0.32 mr/hr. 

Radiation levels of this low intensity cannot be 
measured accurately by available survey instruments. 
In order to evaluate accurately the shielding provided 
by the various cave components, it was necessary to 
use sensitive X-ray film over an exposure time of 
nearly 300 hours. The only point at which accurate 
readings could be obtained with survey instruments 
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were those positions at which the radiation intensity 
exceeded specified levels. 

The results obtained in a survey of the radiation 
intensities outside of the cave are presented in 
Table 1. Two columns of radiation data are pre- 
sented in this table. The first column shows the 
intensities measured with the source at the center 
of the working area and 1 ft above the cave floor. 
The second column shows the maximum possible 
radiation intensity with the source located in that 
position which gives the maximum radiation at 
the position being monitored. This table shows that 
the radiation levels on the outside surfaces of the cave 
exceed specified limits at only three points—(1) 
at the vent above the cave door, (2) on the roof 
over the cave, and (3) at the east wall of the cave. 
The radiation intensity on the vent above the cave 
door is being reduced to specified levels by sub- 
stituting lead louvres for the steel louvres now 
employed there. Additional concrete will be added 
to the roof over the radiation cave to reduce the 
radiation intensity at that location. A 3 in. of lead 
will also be added to the east wall of the cave so that 
the radiation intensity outside of this wall will be 
reduced to the desired level. 

In designing the shielding provided by the storage 
wells inside of the cave, it was desired that a radiation 
intensity of no more than | mr/hr be present at any 
point on the floor of the cave when a 10,000-curie 


Co® source 
Source container 


lead liner 


Y 


Ift 


Fic. 11. Proposed new storage well and plug 
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Co®® source was located in either of the storage 
wells. Measurement of the radiation intensities 
with the 3155-curie Co®® source in a storage well 
indicates a maximum intensity of 620 mr/hr on top 
of the plug. This level far exceeds the design values. 
The radiation intensity on the cave floor with the 
source in storage will be reduced to the desired 
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value by altering the design of the well plugs to 
correspond more closely with that of the plug 
employed in the shipping pig and by refabricating 
the wells themselves so that they can be surrounded 
by 1} in. of lead along their entire length. The design 
proposed for the new storage wells and plugs is 
shown in Fig. 11. 


LABYRINTH SCATTER RADIATION 


The radiation intensities, due to scattered 
radiation within the labyrinth, were mea- 
sured to obtain data which would be of 
assistance in designing future installations 
of this type. For these measurements, 
ionization probes were introduced into the 
labryinth through the sample conveyor 
door. Coaxial cable connected these probes 
with measuring instruments in the laboratory. 
These measurements were made with the 
assistance of Mr. R. H. Bouretre of the 
Health Physics Division of the Brookhaven 
National Laboratories, who also supplied 
and calibrated the equipment. 

A qualitative survey of the effect which 
the location of the Co® source has upon 
the radiation in the labyrinth revealed that 
the maximum intensity of scattered radiation 
was obtained with the source against the 
safety screen and 16 in. from the west wall of 
the cave. With the source located on the 
floor at this position, radiation intensities 
at a level 6in. above the labyrinth floor 
were measured at the positions indicated 


TaBLe 2. Scattered radiation intensities 
in Labyrinth 

(Detector 6 inches from floor and source 

on floor at locations shown in Fig. 12) 


Distance from labyrinth | 
walls (inches) Radiation 
intensity 


(r/hr) 


Measuring | 
position 


from East | from North 


by letters in Fig. 12. These measurements, 
which are presented in Table 2, show 
radiation fields of several roentgen or more 
in the north-south corridor of the labryinth 
and levels of less than 1 r/hr in the east-west 
corridor which leads to the door. Although 
the energy distribution of this scattered 
radiation has not been measured, the ease 
with which it is attenuated by the shielding 
in the sample conveyor port suggests that 
its average energy is far below that of Co®® 
gamma radiation. 

Measurements of the vertical distribution 
of scattered radiation in the labyrinth show 
that the radiation intensity reaches a maxi- 
mum at a height of about 4 ft. This is true 
whether the source is on the floor or 3 ft 
above it. For these measurements the source 
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Fic. 12. Probe position for scattered-radiation measure- 
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Sour 


3ft above floor 


Radiation intensity (R/hr) 


Height above floor (ft) 


Fic. 13. Vertical distribution of scattered radiation 
(measured in labyrinth at point D on Fig. 12). 


was located at the position shown in Fig. 12, 
and the detector was moved vertically at 
point D in that figure. 

The data from these tests are plotted in 
Fig. 13. These data also show that more 
scattered radiation is detected when the 
source is located at floor level than when it is 
raised 3 ft above this position. This rela- 


tionship holds true even for radiation 
measured near the roof of the labyrinth. 
Observations such as this emphasize the 
difficulty of predicting the radiation fields 
which can be expected from large quantities 
of strong gamma-ray emitters such as Co®®. 
It is hoped that the data presented in this 
report will assist other workers in this field 
in designing safe and efficient facilities for 
working with intense sources of gamma 
radiation. 
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A Radioactive Deposit Gage for Engines 


B. A. FRIES, J. G. MINGLE, and H. W. SIGWORTH 


California Research Corporation, Richmond, California 


Conventional methods of measuring engine deposits require many hours of operation and 
extensive disassembly of the engine. A rapid and sensitive deposit gage has been developed, 
based on a removable plug with a radioactive surface which forms part of the inside wall of 
the engine. A deposit accumulates on this surface while the engine runs. Its thickness is 
measured by removing the plug and comparing the attenuation of the radiation caused by the 
deposit with that caused by absorbers of known thickness. Sulfur-35 and cobalt-60 are the 
most suitable radioisotopes. With this technique, buildup of deposits can be observed in 
relatively inaccessible portions of the engine. Effects of operating variables and fuel com- 
position can be explored quickly and accurately in combustion chambers, intake manifolds, 
and carburetors of automotive engines. The radioactive deposit gage can be applied to 
deposit measurements in inaccessible portions of any equipment. 


Dispositif indicateur de dépot radioactifs dans les moteurs 


Les methodes habituelles de mesurer les dépots dans les moteurs demandent beaucoup 
d’heures de travail et un demontage considérable du moteur. On a mis au point un indi- 
cateur rapide et sensitive de dépots basé sur l’usage d’un bouchon amovible avec une surface 
radioactive formant une part de la paroi intérieure du moteur. Pendant la marche du moteur 
un dépot sera accumulé sur cette surface. On mesure son épaisseur en Otant le bouchon et 
comparant l’atténuation du rayonnement causée par le dépot avec l’atténuation causée par 
des absorbants d’épaisseur connue. Le soufre*®* et le cobalt®® sont les radioisotopes les plus 
appropriés. A l’aide de cette technique il est possible d’observer la formation de dépots dans 
les parts relativement inaccessibles du moteur. Les effects des variables de la marche et de la 
composition des essences dans la chambre de combustion, les tuyauteries d’aspiration et les 
carburateurs des moteurs d’automobile peuvent etre explorés rapidement et exactement. 
L’indicateur de dépots radioactifs peut étre appliqué pour mesurer les dépots dans les parts 
inaccessibles de quelconque équipement. 


Meroy, WSsMepeHiiAA Harapa B 
C MOMOWUbO 


U3MepeHuA Harapa B TpeOyloT ero M O4eHb 
MOBeEPXHOCTHIO, KOTOPbIii COCTAaBAAeT UaCTh BHYTpeHHeit 
cTeHK Bo ppeMa padoThl Ha MOBepxXHocTH OOpasyeTcA Harap, 
HOCTH, OOYCIOBAeHHOe B Harape, C 
AB.IAIOTCH Cepa-35 KOOadbT-60. Takoit BO3MO0- 
RHOCTH OOpasoBanne Harapa B CpaBHUTeIbHO YaACTAX 
OLICTpO M TOUHO M CocTaBa ropio4ero Ha OOpa- 
Harapa B KaMepe BILYCKHBIX KapOlopaTopax 
BHYTpeHHero CropaHuA. OTOT Ae MOAMET LIA M3MepeHHA 
B YaCTAX Apyroro 
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Messring von Ablagerungen in Motoren mit Hilfe von Radioisotopen 


Die ueblichen Methoden fuer die Messung von Ablagerungen in Motoren erfordern viele 
Stunden Arbeit und eine weitgehende Zerlegung des Motors. Ein schneller und empfindlicher 
Ablagerungsmesser, der auf der Benuetzung eines herausnehmbaren Pfropfens mit radioaktiver 
Oberflaeche als Teil der inneren Motorenwand beruht, ist jetzt entwickelt worden. Waehrend 
die Machine laeuft, bildet sich eine Ablagerung auf dieser Oberflaeche. Man misst die Dicke 
der Schicht indem man den Pfropfen herausnimmt und die durch die Ablagerung verursachte 
Schwaechung der Strahlung vergleicht mit der durch Absorbe bekannter Dicke verursachten 
Schwaechung. Schwefel®* und Kobalt®® sind die best geeigneten Radioisotope. Mit Hilfe 
dieser Technik ist es moeglich, die Bildung von Ablagerungen in verhaeltnismaessig unzuga- 
englichen Teilen des Motors zu beobachten. Die Wirkungen der Arbeitsveraenderlichen und 
der Brennstoffzusammensetzung im Verbrennungsraum, in den Ansaugleitungen und den 
Vergasen von Automobilmotoren koennen rasch und genau bestimmt werden. Die besehriebene 
Einrichtung kann zu Messungen von Ablagerungen in unzugaenglichen Teilen bei 
verchiestensten Apparatur en verwendet werden. 


INTRODUCTION 


The problem of conveniently and accurately 
measuring deposits confronts many investi- 
gators. The heating engineer is concerned 
with scale in boiler tubes that restricts heat 
transfer and lowers the efficiency of power- 
generating equipment. ‘The automotive 
engineer is concerned with deposits that 
form in inaccessible portions of internal- 
combustion engines. Deposits that form in 
the combustion chamber cause engine knock, 
reduce operating efficiency, and necessitate 
the use of more expensive, higher octane 
gasoline. Deposits that form in the fuel- 
and air-intake systems restrict flow and cause 
irregular engine operation. 

In engine research many methods are 
applied to the measurement of deposits. 
These include: (1) scraping or extracting 
the deposits with a solvent, evaporating the 
solvent, and weighing; (2) weighing of 
engine parts before and after deposition; 
and (3) using other indices to measure 
deposits. For example, the octane-require- 
ment increase is used to indicate build-up 
of combustion-chamber deposits. As _ the 
deposit forms, the octane number of the 
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Fic. 1. Radioactive plug installation in the combustion 


fuel must be increased to eliminate engine 
knocking. All of these methods usually 
require a long running time to reach equi- 
librium deposit levels or to accumulate 
weighable amounts of deposits. They 
generally require extensive disassembly and 
reassembly of the engine, a tedious and 
expensive operation. 


chamber of an L-head engine 


A rapid and sensitive method has been 
devised for measuring engine deposits using 
radiation.” The end surface of a removable 
plug is made radioactive by incorporation or 
plating of a small amount of a beta-ray- 
emitting isotope. The plug is then inserted 
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into the chamber of the engine where 
deposits are to be observed, as shown in 
Fig. 1. Count rates from the end surface 
are determined before and after the test. 
The quantity of deposit is obtained by com- 
paring the attenuation by the deposits with 
that caused by absorbers of known thickness, 
expressed as mg/cm*. Deposits as thin as a 


Selection of radioisotopes 

Suitable radioisotopes should have the following 
properties: (1) the half-life should be sufficiently 
long for the plugs to be used repeatedly over an 
extended period of time; (2) the energy of the 
radiation should be such that suitable sensitivity and 
accuracy can be obtained for the deposit thickness 
encountered; (3) the material should be convenient 
to apply as a radioactive surface superimposed on 
the surface of the plug; and (4) the radioactive 
surface should not be subject to chemical or physical 
deterioration in the environment in which it is used. 

For the beta-ray measurement of engine deposits, 
sulfur-35 (0.17 MeV beta ray) and cobalt-60 (0.31 
MeV beta ray) were selected as most suitable. 
Sulfur-35 is useful for deposits weighing up to 15 
mg/cm?. The associated gamma rays limit the 
usefulness of cobalt-60 to thicknesses of about 
30 mg/cm?. Nickel-63 (0.063 MeV beta ray) can be 
employed for very thin deposits, up to 3 mg/cm?. 
Preparation of plugs 

Plugs were made from mild steel machine stock, 
such as SAE 1020. When possible, regular machine 
cap screws, one fourth to one inch in diameter, were 
used. These were cut to length so that the end 
surface was flush with the internal surface of the 
chamber under study. The end surface was then 
polished by metallographic procedures. Hollow 
plugs were used where temperature regulation was 
important. In some plugs, a thermocouple was 
embedded directly into the end surface. 


Preparation of radioactive surface 

Sulfur-35 surfaces were formed by treatment of the 
steel surface with dilute ammonium-sulfide solution. 
High specific-activity sulfur was employed to avoid 
an appreciable thickness of iron sulfide which might 
rub off. With sufficiently high specific activity the 
sulfide layer was only a few molecules thick. About 
0.1 microcurie of sulfur-35 deposited on the surface 
of the plug gave a convenient counting rate, 200 to 
300 counts/second, in the counting assembly used. 


EXPERIMENTAL 


few hundredths mg/cm? can be measured. 
Because of this sensitivity, the method can 
be used to measure deposits after only a 
few hours, compared to tens or hundreds of 
hours required in other methods. No 
engine disassembly is necessary. The use 
of these radioactive plugs as deposit gages 
in automotive engines is described here. 


Before applying the radiosulfur, the surface of the 
plug was etched slightly by dipping in 3N_ hydro- 
chloric acid for 10 to 20 seconds. The plug was 
washed with water and dried with alcohol. A drop 
or two of a dilute solution of freshly prepared 
ammonium sulfide containing carrier-free sulfur-35 
in concentrated ammonium hydroxide was then 
applied directly to the plug surface. From a solution 
containing a few tenths of a millicurie sulfur-35 per 
ml, about 0.1 microcurie reacted with the metal 
within a minute at 20-35°C. This operation was 
conducted in a fume hood because of the volatility 
of the sulfide. The plug was then washed and dried. 
If too little activity was deposited, the treatment was 
repeated; if too much, some of the activity was 
removed by polishing with fine metallographic 
paper or dipping in dilute acetic acid. 

We found it convenient to prepare the carrier-free 
sulfide solution directly from neutron-irradiated 
potassium chloride. Hydrogen sulfide was generated 
by boiling the potassium chloride for an hour or two 
with hydriodic acid-reducing solution (about 10-20 
ml/gm potassium chloride) while passing a slow 
stream of nitrogen through the equipment.’ The 
nitrogen was bubbled through a 1 N hydrochloric-acid 
wash, then into ice-cold concentrated ammonium 
hydroxide. The recovery of sulfur-35 was quanti- 
tative, and the ammonium-sulfide solution was used 
directly. We have not tested the use of the sulfide 
solution in barium hydroxide supplied by Oak Ridge 
National Laboratory. 

Engine tests showed that the sulfur-35 surface was 
stable even in the combustion chamber. However, a 
protective coating of nickel was electroplated over 
the radioactive surface. This prevented any deteriora- 
tion on the surface so that deposits subsequently 
formed on the plug could be removed, the nickel 
surface repolished, and the plug reused repeatedly. 
A convenient alkaline plating path consisted of 
l.lgm NiSO,°*6H,O, 10gm (NHy,),SO,, 50 ml 
concentrated NH,OH, and 100 ml water. Plating 
was carried out at 50°C. Using a platinum-wire 
anode, a current of 0.1 ampere at 3 volts for 1 minute 
deposited a coating a few microns thick. This 
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Fic. 2. Radioactive plug and counting apparatus. 
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coating attenuated the beta radiation by only a few 
per cent. 

Cobalt-60 surfaces were prepared by electro- 
plating. The sides of the plug were first lacquered 
so that radioactivity was incorporated only on the 
end surface. An equivalent amount of labelled CoSO, 
was substituted for NiSO,, in the above plating bath. 
The specific activity was adjusted so as to deposit 
0.1 microcurie in 20 to 30 seconds. A protective 
nickel plating was then applied over this surface. 
Nickel-63 surfaces were prepared by electroplating 
from a nickel-plating bath. 


Counting technique and calibration 


The radioactivity of the plug was measured with 
an endwindow Geiger tube and a scaler. To insure 
a reproducible position of the plug surface just under 
the tube window, the plug was screwed into a tray 
which slid in a rack of the tube holder, as shown 
in Fig. 2. 

To establish the relationship between deposit 
thickness and radiation attenuation, a series of 
absorbers of known thickness, determined by 
weighing, was interposed between the plug and 
counter tube. For carburetor deposits, such as 
those from unleaded gasoline, chemically similar 
materials, such as polystyrene and cellophane foils, 
about 0.001 inch thick, were used. A plot of the 
logarithm of the count rate against absorber thick- 
ness was the calibration curve. The curves shown in 
Fig. 3 were normalized to 100° for the bare plug. 
Window and air-path thicknesses were not included 
because these were constant for all measurements. 
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Fic. 3. Experimental absorption curves. 
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The absorption curve for sulfur-35 was nearly a 
straight line over the whole range. With cobalt-60, 
the curve deviated from a straight line after 20 mg/cm? 
because of the associated gamma activity. 

The sensitivity is defined as the thickness causing a 
change of 1% in count rate, which was about the 
practical limit of counting accuracy. It was 0.05 
mg/cm? for sulfur-35 and 0.2 mg/cm? for cobalt-60 
Consequently, sulfur-35 was used for the lightest 
deposits, such as in the carburetor and intake 
manifold; and cobalt-60 was used for heavier 
deposits, such as those in the combustion chamber. 
In the few instances when nickel-63 was used, it was 
counted within a windowless, gas-flow proportional 
counter. The sensitivity was 0.01 mg/cm?. The 
calibration was made with 0.00025-inch Mylar film. 
The tail at the end of the absorption curve was 
probably due to cobalt-60 impurity in the nickel-63. 

For deposits which are not strictly carbonaceous, 
such as combustion-chamber deposits in engines 
using leaded gasoline, the attenuation at a given 
thickness (mg/cm?) is sensitive to the chemical 
composition. This is illustrated in Fig. 4, where 
cobalt-60 absorption curves are shown for several 
elements commonly found in these deposits. These 
curves were estimated from experimental curves 
obtained with aluminum, nickel, and tantalum 
absorbers. The absorption coefficients of sulfur and 
chlorine are nearly equal to that of polystyrene, but 
those of bromine and lead are considerably greater. 
If the chemical composition of the deposit is known 
or can be estimated, the deposit thickness can be 
determined. 


RESULTS 


Combustion-chamber deposits 


The engine used to develop the test 
method was a standard Co-operative Fuel 


Research engine crankcase (specified by the 
American Petroleum Institute and_ the 
Society of Automotive Engineers), fitted 
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with a 6-8 to 1 compression ratio, L-head 
cylinder. A plug with a radioactive surface 
was installed in the cylinder head and 
maintained at constant temperature by a 
circulating fluid, as shown in Fig. 1. The 
engine and the circulating fluid of the 
plug were first brought to an equilibrium 
temperature using a dummy plug. Mean- 
while, the initial count rate of the clean 
radioactive plug was determined. After 
equilibrium temperatures were reached, 
the test plug was exchanged for the dummy 
plug and the engine operated on a test 
gasoline. Deposit weights were usually 
determined after a fixed operating time. In 
the initial experiments, the rate of deposit 
build-up was measured by repeatedly count- 
ing the same plug after a few minutes ot 
engine operation, then replacing the plug 
for further engine operation. 

Although the deposit thickness on a 
radioactive plug could be accurately 
measured, it was necessary to develop a 
procedure that could be correlated with other 
information developed by conventional test 
methods. These methods include the equi- 
librium deposit weight, determined by 
complete recovery of combustion-chamber 
deposits from a disassembled engine and 
the equilibrium octane-requirement increase. 

A satisfactory correlation was obtained 
with a 180-minute test. Duplicate tests 
were made on each fuel or engine operating 
condition, and the results were averaged. 
The results agreed to within 10° in about 
90°%, of the tests. 

Fig. 5 shows the correlation of the radio- 
actively measured deposit with the weighed 
combustion chamber deposit where gasoline 
composition was the major variable. Each 
equilibrium deposit weight required 200 
hours of engine operation and 100 gallons 
of gasoline. Each corresponding radioactive 
weight required only six hours of engine 
operation and 3 gallons of gasoline. The 
equilibrium deposit data took about seven 
months to accumulate; the radioactive-plug 
data took about two weeks. Fig. 6 shows a 
similar correlation between radioactive de- 
posit weight and equilibrium octane require- 
ment increase. These correlations demon- 


b 


Plug deposit, mg/m? at 180 min 


90 
fe) 3 6 9 12 

Equilibrium combustion chamber deposit weight 
gm 


Fic. 5. Correlation of radioactively measured deposit 
with weighed deposit. 


strated the validity of the radioactive-plug 
method. 

Tables 1 and 2 illustrate the adaptability 
of this test method to the study of engine 


TasLe 1. Effect of Plug-coolant Temperature on 
Combustion Chamber Deposits, 
CFR Engine, 180-Minute Test 


Deposit weight, mg/cm? 


Temperature 
°F 


Fuel A 


Plug deposit, mg/crn? at 180 min 


20 60 
Equilibrium octane requirement increase, Oct.Nos. 


Fic. 6. Correlation of radioactively measured deposit 
with octane requirement increase. 


VOL. 
1 
956/5 
Fuel B 
30 3.8 
100 1.5 
150 1.2 
200 8.7 1.0 
250 7.8 0.94 
300 0.38 
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Tasie 2. Effect of Air-fuel Ratio on Combustion- 
Chamber Deposits, 
CFR Engine, 180-Minute Test 


Deposit 
ratio 


Fuel B 


variables. The effect of coolant temperature 
of the radioactive plug, which is analogous 
to the engine-jacket temperature, is shown 
in Table 1. 

Table 2 shows the effect of air-fuel ratio 
on the radioactive plug deposit weight. 


Carburetor and intake-manifold deposits 


_ A six-cylinder, L-head automobile engine 
was used for intake-system deposit tests. 
Radioactive plugs were located at the 
throttle-plate section of the carburetor, in 
the heat-riser or stove section of the intake 
manifold, and in the three branches of the 
manifold. ‘The engine was operated for 
various times up to eight hours. When 
testing various gasolines, the engine was 


TaBLe 3. Deposits in Intake-manifold Branches, 
Six-cylinder, L-Head Engine, 8-Hour Test 


Gasoline | Deposit weight, mg/cm? 


operated on a stop-start cycle to simulate 
around-town driving. The radioactive plugs 
were removed and counted at intervals 
during the test run and at the end. 

An example of manifold deposit formation 
from three different gasolines is shown in 
Table 3. 

A comparison of the rate of formation of 
carburetor throttle body deposits with 
fresh-air intake and with engine blowby 
piped directly into the intake system is 
shown in Table 4.°) The test was made 
with gasoline B in the same engine as above. 


Tasie 4. Carburetor Throttle Body Deposits, mg/cm? 
Six-cylinder, L-Head Engine, Gasoline B 


Time, Fresh-air Blowby 
hr intake piped in 


10.1 
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Mesure d’Epaisseurs de Couches 
Minces par Rétrodiffusion e 


L. DANGUY 


Institut des Sciences Nucléaires, Mons 
Centre de Mons (Belgique) 


Aprés avoir montré que, par filtrage du rayonnement que rétrodiffuse l’échantillon, on 
ameéliore la sensibilité de la méthode de mesure d’épaisseurs de couches minces par rétro- 
diffusion f, on indique les conditions expérimentales qui donnent la plus grande sensibilité: 
source f dont le parcours maximum des électrons, P, est de l’ordre de cinquante fois l’épaisseur 
de la couche 4 mesurer, support de source constitué par un élément de nombre atomique 
élevé, filtrage du rayonnement rétrodiffusé par un écran d’épaisseur voinine de 0,2 P. 

On expose ennuite deux méthodes de mesure d’épaisseurs de couches minces, par rétro- 
diffusion £, qui n’exigent pas le recours a une courbe d’étallonage préalable. 4 


Measurement of thin film thicknesses by # back-diffusion 


It is first shown that the sensitivity of the method of measuring thin film thicknesses by f 
back-diffusion is improved by filtering the radiation which the sample back-diffuses. Then 
experimental conditions are described, which give the greatest sensitivity: (i) a # source, the 
maximum electron range of which is about fifty times the thickness of the film to measure, 
(ii) a source support consisting of an element with high atomic number, and (iii) filtering of 
the back-diffused radiation by a screen of about 0-2 P thickness. 

Two methods are then described for measuring thin film thicknesses without requiring 
any previous standardization curve. 


IlsMepeHne TOHKUX C10eB C OOpaTHOoro paccesHHA 

lloka8aHo, YTO MeTOa U3MePeHMA TOHKMX C 
oOpaTHoro paccesHuA ObITh TyTeM oOparHo 
MCTOYHMKA U3 91eMeHTa aTOMHbIM HOMepOM, OOpaTHO pacceAHHOoro 

OnucaHbl [Ba MeTOja M3MePeCHMA TOTMMHbI TOHKMX C10€B C OOpaTHOro pacceAHMA 
OTH MeTO,LI He TpeOywT HaHeCeHHA 


Messung diinner Schichten durch 6-Riickstreuung 


Es wird gezeigt, dass die Methode der Schichtdickenmessung bei diinnen Schichten in 
lichkeit verbessert werden kann, wenn die aus der Schichte riickgestreute Strahlung 
gefiltert wird. Die grésste Empfindlichkeit liefert folgende Anordnung: Der f-Strahler 
mége so gewahlt werden, dass die maximal Reichweite P der Strahlung gréssenord- 
nungsmadaig das 50-fache der zu messenden Schichtdicke betragt; die Unterlage der 
Strahlenquelle soll méglichst hohe Ordnungszahl besitzen; die riickgestreute Strahlung 
soll durch einen Absorber gefiltert werden, dessen Dicke etwa 0,2 P betragt. 

Im Folgenden werden zwei /-Riickstreu Methoden zur Messung diinner Schichtdicken 
angegeben, bei welchen keinerlei Eichkurven aufgenommen werden miissen. 


Cette note comprend deux parties. La ment rétrodiffusé. La seconde expose deux 
premiere traite de l’amélioration des mesures méthodes originales de mesure d’épaisseurs 
d’épaisseurs par rétrodiffusion améliora- également par rétrodiffusion 
tion que l’on obtient en filtrant le rayonne- 
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INTRODUCTION 


Un faisceau d’électrons est diffusé par un 
écran, notamment sous des angles de l’ordre 
de 180°. 

Pour une géométrie déterminée, le nombre 
d’électrons rétrodiffusés dépend des facteurs 
suivants: ?) 

(1) de l’énergie du rayonnement incident; 

(2) de Vépaisseur du_ rétrodiffuseur: 
lorsqu’elle augmente, le nombre d’électrons 
rétrodiffusés N, croit jusqu’a une valeur de 
saturation correspondant aux deux dixiémes 
du parcours maximum P des électrons de la 
source dans le rétrodiffuseur (Fig. 1); 

(3) du nombre atomique de celui-ci: 
en premiere approximation, le nombre 


délectrons rétrodiffusés a saturation est 


proportionnel 4 V Z (fig. 2). 

Ces propriétés sont exploitées pour mesurer, 
a l’aide de jauges a rétrodiffusion, |’épaisseur 
de minces couches déposées sur des supports 
épais de nature différente de celle des 
couches.'®) L’exemple qui suit illustre le 
principe de la méthode. 

Considérons le cas d’une couche d’or, 
d’épaisseur inféreure a celle de saturation, 


Z 
4 


: @paisseur du rétrodiffuseur 


; parcours maximum de la — 
source. 


Fic. 1.—Rétrodiffusion des particules f en fonction de 
l’épaisseur reduite du diffuseur. 


recouvrant une plaque de cuivre d’épaisseur 
supérieure a celle de saturation. Le rayonne- 
ment que rétrodiffuse cet ensemble, comprend 
deux parties: lune due a lor, l’autre au 
cuivre. Le taux de comptage des électrons 
rétrodiffusés se situe entre ceux qui corre- 
spondent, a saturation, au cuivre seul et a 
Por seul. Ce taux de comptage est fonction 
de l’épaisseur de la couche d’or.“ Si l’on a 
déterminé cette fonction par un étalonnage 
du dispositif, on peut en déduire |’épaisseur 
de la couche d’or. 

Dans la premiére partie de notre travail, 
nous avons étudié l’amélioration de cette 
méthode par le filtrage du rayonnement 
rétrodiffusé et nous émettons quelques con- 
sidérations sur le choix de la source et de son 
support. Les résultats que nous y exposons 
sont en accord avec ceux que BERTHOLD 
a publiés.‘® 

D’autre part, la seconde partie traite de 
deux méthodes de mesure d’épaisseurs de 
couches minces sur supports épais, par 
rétrodiffusion également. 


5 10 


Fic. 2.—Rétrodiffusion des particules f par des écrans 
épais, en fonction de Vz. 


lere PARTIE —AMELIORATION DE LA METHODE PAR FILTRAGE DU 
RAYONNEMENT RETRODIFFUSE 


1. Dispositif Experimental 

Le schéma du dispositif que nous avons 
utilisé est représenté a la figure 3. 

Ce dispositif comprend: 


un compteur de Geiger (marque Amperex, 
type 200 CB) et son échelle de comptage, 
une plaquette portant la source radio- 
active. Celle-ci a été déposée en solution, 
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A 
‘Support 


Fic. 3.—Dispositif expérimental. 


puis évaporée, dans une rainure annulaire 
pratiquée dans la plaquette autour de 
orifice central qui laisse passer le rayonne- 
ment rétrodiffusé par l’échantillon jusqu’au 
compteur. 

Ce systéme permet d’atténuer le rayonne- 
ment rétrodiffusé, sans modifier le rayonne- 
ment direct, en disposant des filtres en 
aluminium sur la face supérieure de la 
plaquette. 

Les distances / (source-compteur) et d 
(source-rétrodiffuseur) ont été choisies pour 
obtenir le taux de comptage optimum. 

Nous avons utilisé différentes couches 
minces d’or et d’aluminium  recouvrant 
respectivement des supports de cuivre et de 
plomb a saturation. Les essais ont été 
effectués avec des sources de lordre de 5 
microcuries de thallium—204 (0,765 MeV) et 
de phosphore—32 (1,701 MeV). 


2. Resultats 
(a) Filtrage du rayonnement rétrodiffusé. Nous 
avons posé: 
N —N, 


N 


ot N est le taux de comptage dt aux électrons 
rétrodiffusés par l’ensemble support-couche 
examiné et NV, celui correspondant au 
support seul. 

% caractérise le contraste existant entre 
l’ensemble et le support seul. Plus il est 
grand, plus il est aisé de mesurer de faibles 
variations d’épaisseurs de couches. 

Les variations du coefficient « en fonction 
de lépaisseur e de la couche d’or ou 
d’aluminium, et pour les différentes sources 


8 


utilisées, sont représentées aux figure 4 et 5. 
Nous avons indiqué lépaisseur du filtre 
correspondant sur chaque courbe. 

(b) Filtrage du rayonnement direct. Le filtrage 
du rayonnement direct n’apporte aucune 
amélioration. 

(c) Influence de la nature du support de la 
source. Des essais avec des plaquettes en 
plexiglass, en aluminium, en fer et en plomb 
ont montré que « ne dépendait pratiquement 
pas de la nature de celles-ci, bien que le taux 
de comptage enregistré pour une méme 
source croisse avec le nombre atomique de la 
plaquette. 


2 


Filtre en Al 
cm 


T 
(a) 


| 
| 
| 


Couches d‘ 
Sur Cu 


| 

1 20 30 40 SO 60 70 
microns d’or 


Fic. 4a. 


T | 
Filtre en Al mg/crr® 


150-2 


Couches d’Al sur Pb 


20 30 
microns d’‘Al 
Fic. 4b. 


(a) et (b) « =/ (e) pour différents filtrages du rayonne- 
ment rétrodiffusé; source **P 
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Filtre en Al 
mg/cm? 


microns d’or 
Fic. 4c. 


(c)a=f(e) pour différents filtrages du rayonnement 
rétrodiffusé; source 


(d) 


5 microns d’or 
Sur cuivre 


50 100 150 


Ecran 
cm 


Fic. 4d. 
(d) a/e = f (écran de filtrage) ; source 


(d) Géométrie. De faibles variations de 
langle d’incidence du rayonnement direct 
(de Vordre du degré) et de la distance 
source-rétrodiffuseur (de l’ordre du mm) 
n’influencent pratiquement pas coeffi- 
cient 


3. Discussion des Resultats 

(a) Amélioration due au filtrage du rayonne- 
ment rétrodiffusé. La figure 4 montre que par 
filtrage du rayonnement rétrodiffusé, « 


augmente. 
Cette amélioration peut s’expliquer comme 
suit: 


i | | mg | 
Filt 
iltre en Al 


150-2 


20° 
microns d’or 


Fic. 5a. 


(b) 


Couches d’Al 
sur Pb 


20 40 6O 
microns d’‘Al 


| | 


Couches 


surCu | | 


microns d'or 


Fic. 5c. 

« = f(e) pour différents filtrages du rayonnement rétro- 
diffusé. 

(a) et (b) source %?2P 

(c): source ?°4Th, 


(1) la partie de faible énergie du spectre 
du rayonnement rétrodiffusé est, en premiére 
approximation, indépendante du nombre 
atomique Z du diffuseur 
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(2) par contre, ce spectre est d’autant plus 
riche en rayons durs que Z est grand.‘® 

Par suite, si le nombre atomique de la 
couche mince (Z,) est supérieur a celui du 
support (Z,), le rayonnement rétrodiffusé par 
l’ensemble est plus riche en rayons durs que 
celui da au support seul (Fig. 6); et le 
filtrage se traduit par une diminution plus 
importante de NV, que de V et « augmente. 

Le raisonnement inverse s’applique au 
cas Z, < Z,. 


100 
Couches dor 


sur Cu 
micron 
. 


Activité en 


° = 
Epaisseur de |’écran d’Al = 


Fic. 6a. 
(a) Courbes d’absorption du rayonnement rétrodiffusé 
par différents ensembles couche Au-Cu. 


\ 
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Activité en 


N 


ie) 20 40 60 80 0 120mg 
Epaisseur de l’ecran d‘Al 
Fic. 6b. 
(b) Courbes d’absorption du rayonnement rétrodiffusé 
par différents ensembles couche d’AI-Pb. 
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(b) Relation entre « et e. Les courbes 
représentant « en fonction de e se subdivisent 
en trois zones: 

(1) une zone linéaire ot « est proportionnel 
ae: a=p-e (début des courbes de la 
figure 4). Le coefficient p tend vers une 
valeur maximum correspondant au filtrage 
par un écran d’épaisseur 0,2 P 

(2) une zone logarithmique ou « est de la 
forme: k + K log e. Cette zone apparait 
clairement a la figure 5 

(3) la zone de saturation. 

La séparation des deux premiéres zones se 
situe aux environs du dixiéme de |’épaisseur 
de saturation. 

(c) Influence de l’énergie de la source. La 
comparaison des résultats obtenus avec le 
thallium-204 et le phosphore-32 montre que 
dans la zone linéaire, a filtration égale du 
rayonnement rétrodiffusé, le coefficient de 
proportionnalité p entre « et e, est d’autant 
plus important que |’énergie de la source est 
faible. 

(d) Précision. La précision d’une mesure 
d’épaisseur par rétrodiffusion dépend 
principalement des deux facteurs suivants, 
toutes autres choses égales: 

(1) de l’énergie maximum de la source 
radioactive 

(2) du taux de comptage obtenu. 

Il est logique de choisir un émetteur 
d’énergie telle que |’épaisseur a mesurer se 
trouve dans la zone linéaire signalée, c’est-a- 
dire un radioélément dont le parcours 
maximum des électrons soit de l’ordre de 
cinquante fois l’épaisseur maximum a mesurer. 

Dans ces conditions, l’erreur faite sur 
l’épaisseur vaut: 


de 


da 


é 


avec, d’aprés la définition de « 


dx. dN aN, N, 

ti ae... 2; N—WN,|N 
Pour des épaisseurs faibles, nous assimilerons 
N a WN, et nous écrirons, en premiére 
approximation 


du. 2 
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Si nous ne tenons compte que de |’erreur 
Statistique due au comptage, en égalant 
dN, a 2VN, (Vécart quadratique moyen 
pour un nombre de chocs JN, enregistrés 
étant VN,), il vient 


de 4 
(1) 


Cette relation permet d’évaluer l’activité 
de la source a utiliser pour une précision et 
une €paisseur données: 

(1) a partir des courbes de la figure 4, on 
choisit le filtre correspondant au contraste 
voulu (coefficient «) 

(2) pour la précision désirée, on calcule 
N, par la formule (1) 

(3) on détermine ensuite le rayonnement 
direct, en tenant compte de l’absorption, 
par le filtre, du rayonnement rétrodiffusé et 
de la relation donnant Naturation/Nairect 


fonction de Z (Fig. 2). 
On doit bien entendu tenir compte du 
rendement de comptage de l’installation. 


4. Conclusions 


Par filtrage du rayonnement rétrodiffusé, 
on améliore la sensibilité de la méthode, 
d’autant plus fortement que le filtrage est 
important et que l’énergie de la source est 
faible. 

La source optimum a utiliser dans les 
mesures d’épaisseurs par rétrodiffusion est 
telle que le parcours maximum de ses 
électrons soit de lordre de cinquante fois 
P’épaisseur mesurer. 

Enfin, il y a intérét a déposer la source sur 
un matériau de nombre atomique élevé car 
le nombre d’électrons primaires, pour une 
source donnée, croit avec celui-ci et la 
relation (1) montre que dans ces conditions, 
erreur relative affectant la mesure diminue. 


2eme PARTIE—DEUX METHODES DE MESURE D’EPAISSEURS DE COUCHES 
MINCES PAR RETRODIFFUSION £ 


1. Introduction 


Une mesure d’épaisseur de couche mince 
par rétrodiffusion 6 suppose jusqu’a présent, 
que l’on posséde la courbe d’étalonnage de 
lappareil utilisé en fonction de l’épaisseur de 
la couche. 

Les méthodes que nous allons exposer 
n’exigent pas le recours a cet étalonnage, a 
la condition de connaitre la nature du 
support et de la couche mince ainsi que le 
poids spécifique du matériau qui la constitue. 


2. Premiere Methode 

A—Bases. Le rayonnement rétrodiffusé 
par un ensemble couche mince-support est 
constitué de deux groupes d’électrons. 

Le premier est da a la couche mince seule. 
Le second correspond au support seul, le 
rayonnement direct et le rayonnement 
rétrodiffusé étant filtrés tous les deux par la 
couche mince. 

Les essais que nous avons effectués 
montrent que si l’on filtre faiblement le 
rayonnement direct ou le rayonnement que 
rétrodiffuse un corps de nature quelconque, 
le nombre d’électrons rétrodiffusés comptés 


est encore pratiquement proportionnel a 
la racine carrée du nombre atomique de ce 
rétrodiffuseur (fig. 7 et 8). 

Il en résulte que le taux de comptage NV 
des électrons rétrodiffusés par un ensemble 
est de la forme: 


N2N,+K,V@Z, 


N, est le taux de comptage dt aux électrons 
rétrodiffusés par la couche seule. K, est un 
coefficient fonction de l’épaisseur réduite ¢ de 
la couche mince, l’epaisseur réduite ¢ étant le 
rapport de |’épaisseur exprimée en mg/cm? 
au parcours maximum P des électrons de la 
source. 

Si une méme couche mince est déposée 
sur des supports de Z, différents, le nombre 
d’électrons qu’elle rétrodiffuse est constant; 
on a donc: 


N =~ Cte + K, V Z,, avec K, constant 


c’est-a-dire que N est une fonction linéaire 


de V Z,. 
Sur la figure 8, nous avons tracé les droites 
correspondant a des couches minces de 6 
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O 10 20 30 40 50 60 7 80 90Z; 


a. Sans filtre 
b. Filtrage du rayonnement rétrodiffuse 
d’ 
par d’‘Al 


Filtrage du rayonnement rétrodiffusé 
par 50:23; 


Pic. 7. 


LZ 


Ov 


| 


Fic. 8. 


microns d’or et de 5,9 microns d’aluminium. 
L’ordonnée a lorigine de ces droites 
représente le taux de comptage N, da a la 
couche mince seule (Z, = 0). 
B—Application. Supposons que nous 
désirions mesurer l’épaisseur d’une couche 
d’or sur un support de cuivre. 


La droite AB de la figure 8 qui correspond 
a cette méme couche d’or déposée sur 
différents supports peut étre déterminée par 
ses points A et B fixés comme suit: 

(1) les coordonnées du point A sont V Zoey 
(support) et NW, taux de comptage des 
électrons rétrodiffusés par l’ensemble. 

(2) le point B est sur la droite OB relative 
aux supports seuls (tracée une fois pour 
toutes a partir de rétrodiffuseurs quelconques) 
et son abscisse est V Zs, (dépot). Notons 
que l’ordonnée du point B, Vp, représente le 
taux de comptage que donnerait, dans les 
mémes conditions, un rétrodiffuseur en or, a 
saturation. Nous le désignerons par N saturation 
comme au paravant. 

Si l’on prolonge la droite AB, on obtient 
son ordonée a l’origine V,, taux de comptage 
relatif a la couche d’or seule. L’épaisseur de 
celle-ci se détermine comme suit: 

(1) on calcule le rapport saturation Qui, 
par la relation d’épaisseur (fig. 1) donne e. 

(2) Pépaisseur de la couche vaut: 


é=é— 


si p désigne la poids spécifique du matériau 
qui la constitue. 

On peut éviter la méthode graphique et 
calculer V,/N,., par la formule 


je 
Ww — VZ, 
VZ,—V4Z, 
ou Zp et Np sont le nombre atomique d’un 
rétrodiffuseur épais quelconque et le taux de 
comptage auquel il donne lieu dans les 
mémes conditions que celles de la mesure. 
Cette relation se déduit de la similitude des 
triangles ABC et BDO de la figure 8 et de 
N, Nr 
Vu. 
3. Deuxieme Methode 


A—Bases. La similitude des triangles 
ABC et BDO de la figure 8 conduit a la 


formule générale: 
1) 


a, 


A sat 


32p Sources 
RERE 
| || 
| 
2/0 
| 
Ae | | 


Mesure d’épaisseurs de couches minces par rétrodiffusion B 


avec les mémes notations que précédemment. 

Il en résulte que pour une couche 
d’épaisseur réduite constante, déposée sur 
des supports différents, « est une fonction 
linéaire de VZ,/V Z,. 

Nous avons représenté, a la figure 9, les 
droites qui correspondent a des couches 
de 00125 ct de ¢ = 0,0175. 
Ces droites passent toutes par le point (1, 0) 


et leur ordonnée a Vorigine vaut — V 
sat 


B—Application. Nous considérons encore 
le cas d’une couche d’or sur un support de 
cuivre. 

La droite XY, de la figure 9, qui correspond 
a cette méme couche d’or déposée sur des 
supports différents, est déterminée par ses 
points X et Y fixés comme suit: 


(1) les coordonnées du point X sont (1,0) 


(2) celles du point Y sont 


N étant toujours le taux de comptage des 
électrons rétrodiffusés par l’ensemble couche- 
support et V, celui correspondant au support 
seul. Ce dernier est connu a partir de la 
droite OB de la figure 8. 

Si l’on prolonge la droite XY, on obtient 
son ordonée a l’origine qui vaut — N,/N,.; 

Cette valeur permet enfin de calculer 
Pépaisseur de la couche d’or comme 


-précédemment. 


4. Precision des Resultats 

Les résultats que donnent les méthodes 
précédentes sont satisfaisants pour e < 0,02. 

Les valeurs obtenues sont légérement 
inférieures aux valeurs réelles. Ceci est dda, 
en partie, a ce que la courbe d’épaisseur de la 
figure 1 n’est pas corrigée des électrons 
rétrodiffusés par lair qui se trouve sous les 
couches utilisées. 
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Liquid Scintillators—IIT’ 
The Quenching of Liquid-scintillator 
Solutions by Organic Compounds’ 


VERNON N. KERR, F. NEWTON HAYES, and DONALD G. OTT 


Biomedical Research Group, Los Alamos Scientific Laboratory, 
University of California, Los Alamos, New Mexico 


(Received 2 Fuly 1956) 


A study has been made of the quenching characteristics of a large number of selected 
organic compounds in a few commonly encountered liquid scintillator solutions. From this 
it should be possible to anticipate the quenching difficulties associated with homogeneous 
liquid scintillation counting. 


Scintillateurs liquides—III. L’extinction, par des composés organiques de 
solutions de scintillateur liquide 


On étudie les propriétés d’extinction, pour quelques solutions de scintillateurs liquides 
d’usage courant, d’un grand nombre de composés organiques choisis. A partir de la il serait 
possible de prévoir les difficultés dues a l’extinction dans le comptage par scintillation en 
phase liquide homogéne. 


pacTBOpOB 


pacTBOpoB. OTH TaHHbIe YYeCTh TPyAHOCTH, C adpeKTOM 
cueTe B TOMOTeHHEIX AMKOCTAX. 


Fliissige Szintillatoren—III. Luminiszenzléschende Wirkung organischer 
Verbindungen in fliissigen Szintillationssubstanzen 


Das luminiszenzléschende Verhalten einer grossen Anzahl ausgewahlter organischer 
Substanzen, die in einigen der iiblichsten fliissigen Szintillatoren gelést waren, wurde 
systematisch untersucht. Die Ergebnisse sollen dazu beitragen, die Schwierigkeiten, zu 
iiberwinden, die durch Luminiszenzléschung bei der homogenen Szintillator-Zahlmethode 


auftreten. 


* Parts I and II of this paper appeared in Nucleonics, see refs. 2 and 4. 
+ Work done under the auspices of the U.S. Atomic Energy Commission. 
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THE increasing popularity of internal-sample 
liquid-scintillation counting of compounds 
labelled with radioactive isotopes has focused 
considerable attention on the limitations of 
the method. These limitations are caused 
largely by the properties of the radioactive 
sample, the most important of which are 
insolubility and quenching. Solubility 
problems have been overcome through the 
use of special solvent systems, reaction of 
sample to give a soluble product,“ and 
demonstration of the feasibility of suspension 
counting™) in liquid or gel‘) variations of 
the scintillator. Experimental difficulties due 
to quenching can be recognized and corrected 
for by the use of internal standard. 

Quenching has been reported as a source 
of difficulty in many uses of liquid scintil- 
lators, but the examples quoted are too few 
and too unrelated to serve as a guide to 
quenching. A knowledge of the degree of 
quenching due to simple organic compounds, 
encompassing a wide range of functional 
groups, would seem to provide basic informa- 
tion from which quenching could be 
predicted. The generality of this supposition 
follows from the fact that, to date, the 
dissolved samples have almost entirely been 
organic compounds. 

All compounds used in the study were of 
high purity and were chosen to give both an 
aromatic and an aliphatic representative of 
each of the more commonly encountered 
functional groups. Solutions at various 
concentrations were prepared by dissolving 
either the compound or a water solution of 
the compound in a stock scintillator solution. 
The three stock solutions were 4 g/l. PPO 
and 0-1 g/l. POPOP in toluene, 7 g/l. PPO, 
0-05 g/l. POPOP, and 50 g/l. naphthalene in 
1,4-dioxane and 8 g/l. p-terpheny] in toluene. 
20 ml of the stock solution containing the 
compound and | ml of a standard benzoic- 
C* acid solution) were placed in a 10-dram 
Kimble opticlear vial with polyethylene 
stopper. The chemical reactivity and solu- 
bility of some of the compounds made the 
use of the PPO-POPOP-toluene system 
undesirable. Three compounds’ which 
formed salts with the oxazole solutes were 
tested in the chemically inert terphenyl- 


4 


toluene solution. Dioxane or dioxane-water 
was used as the primary solvent in order to 
study some compounds which are insoluble 
in toluene. No attempt was made to 
eliminate oxygen-quenching from dissolved 
air.6 ‘The counting was done at room 
temperature with a Los Alamos model 530 
coincidence circuit’? without upper level 
discrimination. The unquenched counting 
efficiency was set by the instrumental gain 
controls to be about 50%. 

The first experiments showed that, with 
remarkable consistency, the counting effi- 
ciency dropped as an exponential function 
of sample concentration. This relationship 
is consistent with previous observations.) 
Results are given as the concentration (g/I.) 
of quenching compound which halved the 
counting efficiency, or as the ratio of the 
efficiencies of the solution containing 20 g/l. 
of the quenching compound to _ the 
unquenched stock-scintillator solution. The 
first type of reported value was used for very 
strong quenchers and the second for weak 
quenchers. ‘The results are tabulated in 
Tables 1 through 5. Fig. 1 contains some 
representative quenching curves along with 


20q/! 


c'4 Counting efficiency 


2 4 6 8 10 12 14°16 18 20 22:24 
Conc. 


Fic. 1. Representative quenching curves. 
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Taste 1A. Quenching constants in POPOP-toluene 


1B 


Relative efficiency, 
Compound (20 g/1.) 
E/E, 


ethyl ether 1-00 
butyl phosphate 
ethyl acetate 
fluorobenzene 
cholesterol 
acetonitrile 

furan 

ethanol 

ethyl malonate 
anisole 

butyl chloride 
thiophene 

acetic acid 
benzonitrile 
tetraphenylsilane* 
tetraphenylgermane* 
tristearin 
amylamine 
«(-++)pinene 
benzeneboronic acid 
ethyl bromide 
isobutyl sulphide 
benzyl alcohol 
chlorobenzene 
acetic anhydride 
1-butanethiol 
chloroform 


Compound 


Conc. (E/E, = 0:5) 


g/l. 


tetraphenyltin® 
ethyl benzoate 
bromobenzene 
acetone 

benzoic acid 
tetraphenyllead® 
p-dichlorobenzene 
diethylamine 
pyridine 
p-dibromobenzene 
pyrrole 
trans-stilbene 
trichloroacetic acid 
isobutyl iodide 
acetaldehyde 
iodobenzene 
triethylamine 
phenyl sulphide 
carbon tetrachloride 
phenol 
benzenethiol 
N,N-dimethylaniline 
acetophenone 
aniline 
benzaldehyde 
N-methylaniline 
carbon disulphide 
nitromethane 
phthalic anhydride 
nitrobenzene 


¢ Supplied through the courtesy of Dr. H. Grtman, Iowa State College, Ames, Iowa. 


» Extrapolated from solubility limit of 8-6 g/l. 


Tasie 2. Quenching constants in PPO-POPOP- 


two guide lines which illustrate the sources 


of the tabulated data. 


naphthalene-dioxane A comparison between the aliphatic and 
efficiency E/E, 2%0matic compounds shows that a significant 
(20 g/l.) difference in the degree of quenching was 
exhibited for the same functional group. 
The reason for this observation apparently 


| Relative 


Compound 


cholesterol 0-98 


glycerol 0-96 
ethyl benzoate 0-95 TaBLeE 3. Quenching constants in p-terphenyl-toluene 


water 0-92 
caffeine 0-87 
benzoic acid 0-86 Compound 
acetic acid 0-83 
tristearin 0-82 
benzamide 0-80 
acetone 0-78 acetyl chloride 
pyridine 0-64 trichloroacetic acid 
chloroform 0-58 benzoyl chloride 


| 
13-0 
| 13-0 
| 12-7 
12-1 
| 10-4° 
8-5 
| 7-0 
| 65 
| 6-4 
| 6-0 
| 4-7 
| 4:5 
4:3 
4-2 
4:1 
| 3-9 
| 3-9 
3-7 
| 3-0 VOL e 
| 3-0 1 
| 2-9 
| 1-9 956/5 
1-6 
13 
1-1 
0-9 
| 0-8 
| 0-7 
| 
= 
Conc., 
(E/E, = 0-5) 
g/l. 
15-2 
4-6 
2-1 
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Taste 4A. Quenching constants in PPO-POPOP- 
naphthalene-dioxane diluted with water to 150 g/l. 


Relative efficiency, 
(20 g/l.) 


Compound 


0-97 
0-94 
0-94 
0-94 
0-92 
0-89 
0-76 


glycerol 
cholesterol 
sucrose 
dextrose 

L(+ )arabinose 
urea 

ethyl benzoate 
acetic acid 0-72 
hydrogen peroxide 0-65 
acetone 0-61 
benzoic acid 0-59 
chloroform 0-59 
pyridine 0-54 


¢Extrapolated from solubility limit of 10-7 g/l. 


TABLE 4B 


Compound 


sodium benzoate 
phenylalanine hydrochloride 
serine hydrochloride 
cysteine hydrochloride 
oxalic acid 

glycine hydrochloride 
L(—)cystine hydrochloride 
sodium acetate 
trichloroacetic acid 
p-toluenesulfonic acid 
L(—)tyrosine hydrochloride 
thiourea 


> About 0-022 ml excess of 2 N HCl required for each g/l. to keep amino-acid in solution. 


¢ Extrapolated from solubility limit of 2-5 g/l. 


Tasie 5. Quenching comparisons in different solvent systems 


Compound 


PPO-POPOP- 
naphthalene-dioxane 
relative efficiency, 
(20 g/l.) 

E/E, 


PPO-POPOP-H,O- 
naphthalene-dioxane 
relative efficiency, 
(20 g/l.) 

E|Ey 


PPO-POPOP-toluene 


relative efficiency, 


(20 g/l.) 


Conc., 


(E/E, = 0.5) 
/l. 


cholesterol 
glycerine 
ethyl benzoate 
benzoic acid 
acetic acid 
tristearin 
acetone 
pyridine 
chloroform 


0-98 
0-96 
0-95 
0-86 
0-83 
0-82 
0-78 
0-64 
0-58 


0-94 
0-97 
0-76 
0-59 
0-72 
0-61 
0-54 
0-59 


lies with the resonance interaction of 
functional group and ring system in the 
aromatic molecule. The data in Table 1 
show that the aliphatic compounds, as a 
group, quench less than the aromatic 
compounds. 

Since quenching was dependent on the 
chemical nature of the functional groups, 
a general comparison of the functional 
group effect in the aliphatic series was made. 
The functional groups were divided into 
three arbitrary classes (Table 6): diluters, 


TaBLeE 6. Classification by degree of quenching of 
functional groups in aliphatic compounds 


| Strong 


Diluters Mild quenchers 
| quenchers 


R—COOH | R—SH 
R—NH, /R—OCOCO—R 
R—CH=CH—R | R—CO—R 
R—Br /R—COX 
_R—-NH-R 
/R—CHO 
|R,N—R 
R—NO, 


R—H 
R—F 
R—O—R 
(RO),PO 
R—CN 
R—OH 
R—COO—R 
R—Cl 


287 
Conc., 
(E/E, = 0-5) 
|| 
| 18-12 
13-0 
11-7 
108 
98 
9.5 
8-62 
85 
7-7 
| 5-8 
| 

6/57 | 
| | | 
| | 0:96 
| 13-0 
| 12-1 
| 0-89 
| 0:83 | 
| 12-7 
| 65 
| | | 0-51 | — 
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mild quenchers, and strong quenchers. 
The criterion for this classification was 
derived from the relative degree of quenching 
produced by the same molar amounts of the 
aliphatic compounds. 

The effect of solvent on the self-quenching 
phenomenon, associated with scintillation 
solutes, has been noted.” Although 
scintillation and fluorescence are not identical 
processes in the initial stages of excitation, 
undoubtedly many of the effects observed in 
the studies of fluorescence are also present in 
the scintillation process. An_ excellent 


discussion of various factors, including solvent 
effects, involved in the quenching of fluores- 
cence of solutions, has been given by BowEN 
and Woxss."!) It can be seen from Table 5 
that a change in solvent altered both the 
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relative order and the degree of quenching, 
in certain cases. 

A number of compounds of special 
interest were tested. The sugars and amino 
acids are of interest in the fields of biology, 
medicine, and biochemistry, while the 
quenching produced by organometallic com- 
pounds is important where the metal is to be 
incorporated directly into the scintillator 
solution for such applications as neutron- or 
gamma-ray detection. 

The present results serve as a guide to 
quenching for the practical user of liquid- 
scintillation counting. Without this informa- 
tion, however, sufficient specific activity and 
proper use of internal standards can lead to 
solution of almost any homogeneous liquid- 
scintillation counting problem. 
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The Standardization of Electron-capture. 
Isotopes 


R. A. ALLEN 


Atomic Energy Research Establishment, Harwell, Didcot, Berks 
(Received 3 September 1956) 


A method of standardizing orbital electron-capture isotopes is described. The method 
consists of measuring the efficiency of a 47 proportional counter for the characteristic K—X- 
rays by constructing a curve relating K—X-ray count rate and the inverse of the pressure of 
the counting gas. From knowledge of the K/L capture ratio and K-fluorescence yield, the 
disintegration rate is deduced. Examples are given and the results are compared with measure- 
ment by other techniques. 


L’étalonnage des isotopes donnant lieu a capture électronique 


On décrit une méthode d’étalonnage des isotopes donnant lieu 4 capture des électrons 
orbitaux. Elle consiste a mesurer le rendement d’un compteur a 47 proportionnel, pour 
les rayons X caractéristiques de la raie K, en construisant une courbe reliant la vitesse de 
comptage des rayons X-K 4 l’inverse de la pression du gas du compteur. Connaissant le 
rapport de capture K/L et le rendement de fluorescence K, on en déduit la vitesse de désinté- 
gration. Des exemples sont donnés et on compare les résultats avec ceux que fournissent 


d’autres techniques. 


U3MepeHHii 3axBaTa OPOMTAaIbHBIX 9J1IEKTPOHOB 


MeTO}, CTaH{apTHEIX WIA BepOATHOCTH 3axBaTa OpOuTa- 
IbHBIX 9eKTpOHOB. Merox B 
cueTunkKa C 4 reoMetTpueli WIA K-X syueii myTem nOCTpoeHuA 
3aBUcMMOcTH CKopocTu K-X syyeii or oOOpaTHoro Ta3za B CueTUMKe. 
3HaA OTHOMeHMe 3axBaToB K- u L- u 
u3MepeHHAl. 

Standardmessung von K-Einfang-Isotopen 

Eine Standardisierungsmethode fiir Isotope, die durch K-Einfang zerfallen, wird bes- 
chrieben. Die Methode besteht darin, dass die Empfindlichkeit eines 47 Proportionalzahlers 
fiir die charakteristische K-Réntgenstrahlung gemessen wird durch Bestimmung einer Kurve, 
die die Abhangigkeit der Zahlrate vom Reziprokwert des Gasdrucks im Zahler darstellt. Aus 
dem bekannten Verhaltnis der Zahlen der K- und L-Einfange und aus der K-Fluoreszenzaus- 
beute wird die Zerfallsrate berechnet. Beispiele werden angegeben, deren Ergebnisse mit den 
Messresultaten nach anderen Verfahren verglichen werden. 


INTRODUCTION 


Standards of isotopes which decay by orbital Three types of radiation are emitted by 
electron capture are necessary both in the  electron-capture isotopes, these are: 

field of pure research and in the application (1) X rays from the K, L etc. shell, of 
of such isotopes in medicine and industry. energy characteristic of the atomic number 
A method is required by which the dis- of the daughter nucleus (5:9 keV from 
integration rate of electron-capture nuclides Fe-55 corresponding to the K lines from 
can be determined by direct counting. manganese). The ratio of the number of 
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X rays emitted to the total number of capture 
events is called the fluorescence yield (). 

(2) Auger electrons, which are emitted 
with discrete energies characteristic of the 
daughter isotope (approximately 5 keV from 
conversion in the K-shell of manganese 
following electron capture in Fe-55). Auger 


Several methods of calibrating electron 
capture isotopes have been suggested (Put- 
MAN and ALLEN") RasmussEN®)). For those 
isotopes in which all, or a proportion of the 
disintegrations are accompanied by the 
emission of gamma radiation, the dis- 
integration rate can, in principle, be measured 
by the coincidence method. This method 
includes the measurement of X-ray—y-ray 
coincidences and also Auger electron—y-ray 
coincidences. Further, coincidences between 
inner bremsstrahlung and the corresponding 
X rays can be measured and the dis- 
integration rate deduced. 

All electron capture isotopes can, in 
principle, be calibrated by direct counting. 
The proportion of X rays emitted by a given 
isotope is well defined since X-ray emission 
and electron emission are alternative modes 
of de-excitation of the daughter atom. The 
disintegration rate can be calculated from a 
determination of the number of X rays 
emitted within the accuracy to which the 
fluorescence yield is known. It will be shown 
that this method is preferred and the results 
will be compared with determinations by a 
coincidence method. 

The proportion of Auger electrons is 
similarly well defined and these can be 
detected once inside the sensitive volume of a 
counter. In principle, therefore, the dis- 
integration rate can be obtained by counting 
Auger electrons. 

These alternative approaches will now be 
discussed. 


The Coincidence Method 

The coincidence method can only be valid 
if one of the counters is equally sensitive to all 
parts of the source (Purman®)), This con- 
dition can be satisfied by suitable positioning 
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COUNTING METHODS AVAILABLE 


electron emission is an alternative process to 
X-ray emission. 


(3) Inner bremsstrahlung, the intensity 
and energy of which depends on the atomic 
number and on the transition energy avail- 
able in the decay. The radiation is in 
coincidence with the X radiation. 


of the source with respect to one counter. 

Secondly, the method is only valid if the 
sensitivity of one counter is the same for all 
electron capture events. Thus, for branched 
decay schemes, where y rays accompany 
only a proportion of the X rays or electrons, 
it is necessary that the efficiency of the X-ray 
or electron counter be the same whether 
y-emission occurs or not. The X-y co- 
incidence method satisfies this condition in 
general because all the K—X-rays are of the 
same energy and are therefore detected with 
the same efficiency. (The residual energy in 
direct transitions to the ground state is 
carried away by neutrinos.) It is assumed 
that for branched decay schemes the K/L 
ratio is equal in different branches. 

Internal conversion of the y-rays leads to 
the detection of conversion electrons in the 
(X + e) detector and a correction is neces- 
sary if this occurs. The method suffers from 
the disadvantage that the X-ray counter 
is invariably sensitive to y radiation. The 
X-ray efficiency must be made as high as 
possible and a correction must be applied for 
the y-ray efficiency, measured independently. 
If Auger electron-y-ray coincidences are 
being detected, the same limitations apply 
to the use of these results as in the case of 
X-y coincidence measurements. 

A further source of error may arise from 
the detection of ‘‘backscatter coincidences,” 
when a y ray is detected in the gamma 
counter and is scattered back into the electron 
or X-ray counter. Errors due to this cause 
can be avoided when the y-detector is a 
scintillation counter using a phosphor of high 
atomic number, such as thallium-activated 
sodium iodide. If the amplitude dis- 
criminator is set only to respond to photo- 
electric absorption of y-rays, backscattered 
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gamma rays which result in lower pulse 
amplitudes are eliminated. When a liquid 
scintillator is used, photoelectric absorption 
is small for y-ray energies above 100 keV. 
When scattering through large angles (ap- 
proximately 180°) occurs in the phosphor, 
the high transfer of energy gives rise to large 
pulses. Therefore, if we can count pulses 
corresponding to low energy loss in the 
scintillator, we shall minimize the effect of 
backscatter coincidences. 

If a 47 counter is used for the detection 
of the electrons or X rays, the coincidence 
method can be used to deduce the source 
strength irrespective of the Auger electron 
yield and of the overall efficiencies of the 
counter for X rays and Auger electrons. 
In practical sources the overall Auger 
electron efficiency is generally rather low (a 
few per cent) owing to self-absorption in the 
source, and the y efficiency of the counter 
must be made very low to minimize the 
error incurred in correcting for the y-count 
rate. 

Coincidence measurements using low solid- 
angle geometry for both counters should be 
possible. Backscatter coincidences can be 
eliminated in the coincidence unit by the use 
of pulse-sorting equipment in the y-ray 
channel. It is possible that some error may 
arise in such a coincidence method due to X-y 
or e-y angular correlation. The X-ray—y-ray 
angular correlation in orbital-capture decay 
has been theoretically investigated by Brysk 
and Rose.) Their work suggests that, 
while angular correlations exist in general, 
selection rules enforce isotropy in most cases 
where nuclear information is available. 

A measurement of the disintegration rate 
of a given source by the (X + e)-y coinci- 
dence method will give the strength of the 
master solution and the efficiency of the 
electron counter for the particular prepara- 
tion measured. The counter will not 
necessarily have the same efficiency for 
another source of the same isotope, whether 
from the same master solution or from a 
new solution, since it is almost impossible 
to prepare two sources which have the same 
self-absorption for the Auger electrons. 
On the other hand, X-y coincidence measure- 


ments give an X-ray efficiency for the 
counter which is reproducible from source 
to source if care is taken in the preparation. 
The measurement of a single source pre- 
pared from a weighed sample of a solution 
can be used to calibrate the whole solution. 
This solution can, in principle, now be used 
to calibrate other equipment. The X-ray 
efficiency of a particular counter will not 
in general, be the same for another isotope; 
thus, the method cannot be used directly 
to determine the efficiency for a pure 
electron-capture isotopes which emits no y 
rays. It should be possible, however, to 
construct an efficiency curve for a given 
counter, using isotopes of several atomic 
numbers and so interpolate for those in 
which no y rays are emitted. 


Coincidence Measurements: Internal 
Bremsstrahlung 


Nuclides in which 100% of the transitions 
go to the ground state of the daughter 
nucleus can, in principle, be standardized 
by measuring coincidences between the X 
rays and inner bremsstrahlung. The method 
has been suggested by Rasmussen.) The 
probability of emission of inner bremsstrah- 
lung is very low, and this means that the 
coincidence count-rate will also be very low. 
It is therefore essential that the sample 
shall be entirely free from y-emitting im- 
purities (RAsMuUssEN found that a sample of 
Fe®> which contained only 0-01% Fe*® 
was not usable). This would seem to be 
one of the most serious drawbacks to the 
method. 


Auger Electron Counting 


In any given electron-capture isotope, a 
well-defined proportion of the disintegrations 
is accompanied by Auger electrons and 
not by X rays. The proportion of Auger 
electrons to K—X-rays associated with K- 
capture in the case of Fe® is 3:1. The 
detection of Auger electrons, once they are 
in the counting volume of a_ counter, 
presents little difficulty. Proportional or 
Geiger-Miiller counters can be used employ- 
ing either a defined solid angle arrangement 
with a very thin window or internal mounting 
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in a 47 arrangement. has been 
successfully counted in gaseous form as part of 
a counter filling (ENGELKEMEIR and Lipsy"?), 
Scintillation counters can also be used in 
which the isotope is incorporated in the 
phosphor. 

Localized sources are subject to self- 
absorption, which is generally heavy for these 
low energy electrons. Defined solid angle 
methods, using external sources also require 
corrections for air and window absorption 
and for scattering errors. All results must be 
corrected for the contribution of X rays to the 
count rate as well as for the fluorescence yield. 

These corrections render counting of 
Auger electrons from solid sources impracti- 
cable for absolute measurements of the 
disintegration rate. 


X-ray measurements 

It was decided that the most profitable 
approach to the problem of standardizing 
electron-capture isotopes by direct “‘single 
channel” counting was to determine the 


CHOICE OF ISOTOPES AND 


The isotopes used to study the X-ray 
counting method should have a relatively 
high fluorescence yield, a simple decay 
scheme and characteristic X rays of energy 
suitable for detection. Four isotopes were 
chosen: these were Cr®!, Mn54, Fe, and 
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absolute efficiency of an X-ray counter in 
such a way that the efficiency could be 
determined for any K-capture isotope, irre- 
spective of whether y radiation is emitted 
in coincidence with the X rays or not. The 
obvious choice of X-ray counter is one 
employing 47 geometry, the geometry of 
which is constant from one experiment to 
another. Most of the scattering corrections 
are absent in this type of counter. Measure- 
ments on those isotopes which do emit y 
radiation can be verified by measuring the 
disintegration rate by coincidence methods. 

The efficiency of a 47 proportional 
counter for X rays was found, and by 
multiplying the number of AK-—X-rays by 
the K-fluorescence yield, we obtained the 
K-capture disintegration rate of the source. 
To obtain the total disintegration rate, this 
figure is multiplied by (P; + Px)/Px, where 
is the L,K-capture probability. 

The method assumes knowledge of the 
K-fluorescence yield for each isotope and of 
the K/L capture ratio. 


PREPARATION OF SOURCES 


Zn*, The first three decay by 100% 
electron capture; Zn® has a 1-5°% positron 
branch to the ground state of Cu®. Table 1 
shows the energies and other relevant data 
associated with these isotopes. 

The Cr®!, Mn*4, and Fe®* samples were 


TABLE | 


K-X-ray energies'®? 
of daughter nuclide 
(keV) 


Electron‘’? 


Nuclide 
capture 


y-ray‘? emission 


27-8 days 


100°, 


Mn*4 
291 days 


Fe®5 
2-94 years 


1-11 MeV 
45-5%, 
(x =2 x 10-4) 


Zn® 


245 days 


L-X-ray'®) 
energies 
(keV) 


K-fluorescence®? | 


yield of daughter 


Ly, 0-510 
Lg 0-519 


Ly 0-571 
Lz 0-581 


La 0-636 
Lp 0-647 


Lz 0-928 
Lz 0-948 


VOL. 
956/5° 
| | 
0-32 MeV Ky, 4-944 0-192 | 0-088 
~8%, Ky, 4952 | | 
(a = 1-4 x 10-4) Kp, 5-427 | | 
100%, 0-84 MeV 5-405 0-22 0-090 | 
. | 100% Ky, 5-414 | 
Kp, 5-946 | | 
100% 5-887 0251 | 0097 | 
Ky, 5898 | | 
| | | | 
985% | 8-027 0:37 0095 
| Ky, 8-047 | 
| Kp, 8-904 | 
| Kp, 8-976 | | 
| | 
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obtained as high specific activity material, 
the Zn® sample was obtained by pile 
irradiation of ZnO. The ZnO sample was 
dissolved in HNOs, the solution was evapor- 
ated to dryness and redissolved in redistilled 
water. Dilutions were made in redistilled 
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water acidified to pH ~2 with HNO. 
Inactive carrier was added to the extent 
of 15 wg of carrier ion per gram of solution. 

Sources were prepared for counting by 
evaporating about 0-1 g of the solution onto 
the mounting foil (0-8 w aluminium). 


COUNTING EQUIPMENT 


Two 47 counters were constructed for 
this investigation ; their design and charac- 
teristics are described below. 


4a Geiger-Miiller counter 


A 47 G.M. counter was made, similar 
in design to that described by Smiru.2° 
The external cathode was constructed from 
aluminium tube, chosen to give a low y-ray 
absorption. It was found necessary to 
nickel-plate the inside surface of the counter 
wall to prevent an aluminium oxide layer 
from being formed. This oxide layer 
appeared to be responsible for the very bad 
plateaux which were obtained when the 
counter was tested with a f-particle source. 
The counter was filled to a pressure of 10 cm 
Hg with a 9 : | mixture of argon-alcohol and 
operated at a potential of approximately 
1100 V. 


Split 


washer aes Tungsten wire 0:001 in. dia 


A’ cross section of glass 
Spigot fixing. 


Pumping tube Gasket 


Counter end cap’ 


proportional counter 


A second 47 counter was constructed of 
similar design to that described above. In 
this case, however, the cathode was made of 
brass with its centre portion thinned down to 
give low y-ray absorption (see Fig. 1). The 
wire diameter was reduced to 0-001 in. 
The counter was constructed to withstand 
a few atmospheres overpressure. No facilities 
were provided for using the counter as a 
flow-counter. This would be an asset once 
the counter was calibrated. The filling gas 
was a mixture of 90% argon with 10% 
methane. 

The counter was used in conjunction with 
a cathode follower and amplifier, type 
1049C,9 the output from which was fed 
into a single-channel pulse analyser, type 
1168A° leading alternatively to a scaling 
unit or a ratemeter and pen recorder. The 

End ‘B’ 


Tungsten wire 


Counter plates 


10 B.A. Screws 


cross section of glass 
Seal fixing 


Fic 1. 47 proportional counter. 


Le 
/57 
7 A 
Spigot Tensioning spring ZA, 
Sig Soft solder 
SS x . di 
Slidi 
end 
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Gas pressure 
1atm. 


Channel count rate 


| 
> DD 2 20 
Channel bias volts 


Fic. 2a. Pulse-height spectrum of Mn*4 K-X rays 
in 47 proportional counter. 


pen recorder automatically varied the bias 
voltage on the “‘kicksorter” and traced out 
a graph of counting rate versus pulse height 
or energy. ‘Typical traces of the pulse- 
height spectrum obtained with the X-ray 
emitters are shown (Fig. 2); the K—X-ray 
total energy peak and corresponding “‘escape”’ 
peak in argon are well defined. An energy 


Gas pressure fl 
atm 
| 


| 


Channel count rate 


20 25 30° 35° “40 “45 
Channel bias voits 


Fic. 2b. Pulse-height spectrum of Cr*! K—X rays 
in 47 proportional counter. 


calibration curve for the counter operating 
at l-atm pressure is also shown (Fig. 3). 

In using a 47 counter, which consists of 
two half counters, it is customary to connect 
the two counter wires in parallel and supply 
the polarizing voltage from a common unit, 
at the same time taking the output pulses 
from the common E.H.T. lead. Where 
measurements are being made at fixed 
pulse heights, corresponding to fixed X-ray 
energies, it is necessary to arrange that the 
same pulse height is obtained from both 
halves of the counter. Given similar dimen- 
sions in each half and a common high voltage 
lead, the amplification in each half of the 


“a 


4 Gas pressure 1 atm. 
Argon- (8%). Methan 


Pulse height in arbitrary units 


X-ray energy 


9 
keV 


Fic. 3. Typical energy calibration curve of 47 
proportional counter. 


counter should be the same. The first two 
conditions were satisfied in the 47 counter, 
but different pulse heights were obtained 
from the two halves. This was found to 
be due to the source-mounting foil’s being 
slightly bowed, and was cured when it was 
ensured that the foil was perfectly flat. 
Experimental curves are shown (Fig. 4) of 
the pulse height in each half when the foil 
was bowed (approximately a 2-mm depres- 
sion in the centre of the foil). 

The efficiency was found to be extremely 
stable over at least 14 days, a condition 
essential for relatively long coincidence 
measurements. 
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Typical 
i\ combined 
| curve 


Channel count rate 


Channel bias volts 


y-Scintillation counters used in coincidence 
measurements 

These were of conventional design. A 
sodium-iodide crystal (thallium activated) 
was used as one detector; this was chosen 
because of its good energy resolution for 
use in conjunction with the 47 proportional 
counter. Also, a liquid scintillator was used, 
chosen for its convenience in allowing the 
use of a large volume of detector with the 
42 G.M. counter where the total number 
of y rays is small. The latter scintillator 
was housed in a vessel which surrounded 
the Geiger counter. In each case the 
scintillator was used in conjunction with 
an EMI photomultiplier, type 6260, and 
an amplifier, type 1049.0) 


Fic. 4. Part of spectrum of Fe®> showing the effect 
of a depressed mounting foil. 


X-RAY MEASUREMENTS IN THE 4x COUNTER 


Sources, laid down in the manner des- 
cribed in a previous section, were sand- 
wiched between two 0-8 w aluminium foils, 
which were thick enough to absorb all the 
Auger electrons. The counter was pumped 
and filled to a pressure of one half an atmo- 
sphere. The operating voltage was adjusted 
so that the K-X-ray total-energy peak 
resulted in a pulse height of about 35 V. 

The shape and pulse height of the total 
energy peak were checked with the pen 
recorder. The differential count rate 
(channel count rate) falls to zero both at 
pulse heights corresponding to the high- 
energy end of the main peak and at the 
low-energy end of the escape peak (see, for 
example, Fig. 2). Accordingly, the integral 
or total count rate was measured at dis- 
criminator settings corresponding to pulses 
of height just below the K-escape peak and 
just above the total-energy peak; the 
difference in these count rates corresponds 
to the number of K-—X-rays detected by 
the counter. 

The pressure in the counter was increased 
with gas from the reservoir and the pulse 
height of the main peak again brought to 
about 35 V by increasing the counter poten- 
tial. The number of X rays detected was 


X-ray count rate 
oO 


fe) 


TO 


Yp (atmosphere) 
Fic. 5. X-ray count rate versus inverse of gas 
pressure. (All counts normalized to 9-0 x 104 


at 1/P =0. The experimental points for Gr®4 
have been omitted for clarity). 
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then measured again in the manner des- 
cribed above. This procedure was continued 
at increasing pressures up to a total of about 
3-5 atm. 

The efficiency of the counter, and hence 
the count rate, should be an exponential 
function of the pressure. The count rate 
was plotted on a logarithmic scale as a 
function of the inverse of the pressure, and 
a straight-line graph was obtained. The 
graphs obtained for the four isotopes are 
shown (Fig. 5). The efficiency for counting 
X rays at l-atm pressure are shown in 
Table 2 together with the probable K- 
capture disintegration rate of the source 
material, assuming the theoretical fluo- 
rescence yield as quoted by Buruop.’) The 
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total disintegration rate, obtained from the 
relation N = Nxg(Px + P,)/Px, is also 
shown in Table 2. 

The sandwiching foils absorb some X rays 
before they reach the counter volume. To 
measure the magnitude of this effect, the 
source was sandwiched between successive 
layers of foils and the count rate measured. 
From the foil absorption curves, the single- 
foil absorption was estimated for each 
isotope. These figures are noted in Table 2. 

A large 47 counter was also constructed in 
which, at one atmosphere pressure, more 
than 99% of the K—X rays from chromium 
were stopped. However, counting losses and 
bad energy resolution precluded the use of 
this counter for routine measurements. 


COINCIDENCE MEASUREMENTS 


Manganese-54 

A source of approximately 18,000 d.p.m. 
was laid down on 0-8 uw aluminium foil and 
counted in the 47 G.M. counter in coinci- 
dence with its y radiation. The liquid 
scintillator, used for detecting the y rays, 
consisted of about 500 ml of 5% p-terphenyl 
in xylene. The source strength could not 
exceed 20,000 d.p.m. since the probe unit 
used with the Geiger counter had a dead 
time of 400 wsec. In this experiment, the 
47 counter detects Auger electrons in that 
half of the counter facing the source and 
is sensitive to X rays in both halves. 

The disintegration rate, NV, obtained from 
the relation N = AB/C, where A, B, and 
C are the counting rates in each detector 
and the coincidence rate respectively, is 
independent of the fluorescence yield, since 
this is effectively included in the efficiency 
of the (X + e) counter. 

The bias voltage in the y channel was set 
fairly low, but apart from this no special 
precautions were taken to eliminate back- 
scatter coincidences. Since the coincidence 
rate was low (approximately 20 counts per 
minute), being limited by the small magnitude 
of the source, the whole detecting system 
was encased in an 8-in.-thick lead screen 
which in turn was enclosed in a box through 
which a current of air was forced. This 


sufficed to keep the temperature of the 
scintillator and photomultiplier constant 
enough to ensure a constant background 
and y-ray count rate. 

A second coincidence measurement was 
made using the 47 proportional counter as 
one detector. The source was identical to 
that used for the X-ray measurements. The 
y-ray channel was counted via a single 
channel kicksorter set at pulse height corre- 
sponding to the photopeak of the 0-84 MeV 
y ray and having a channel width sufficiently 
large to accept the whole of the peak. 
This arrangement entirely eliminated the 
effect of backscattered coincidences. Delays 
in the coincidence unit were adjusted to 
compensate for delay in the kicksorter and 
other equipment and the resolving time 
increased (to 6 wsec) until it was certain 
that no coincidences were being missed. 

The disintegration rate is again given by 
the relation N = AB/C. The condition that 
one counter shall be equally efficient to all 
parts of the source is satisfied, since the 
source has small dimensions compared to 
its distance from the y counter. 


Chromium-51 

Measurements were made on this isotope 
with the proportional counter and Nal 
scintillation counter in the same manner as 
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for Mn*4. The y branch constitutes only a 
few per cent of the total transitions and 
the y-ray count was low. Rostnson and 
Finx'®) quote identical K/Z ratios for both 
branches. Much longer counting times were 
necessary to obtain comparable accuracy 
to the manganese measurement. 


Kinc-65 

The disintegration rate of the Zn® sample 
was also determined by measuring X-y 
coincidences. The 47 proportional counter 
and scintillation counter were used. The 
y-ray counting channel was set on the 
1-11-MeV photopeak; this eliminated spur- 


ious coincidences due to both backscatter 
and annihilation radiation from the positron 
branch. The positron contribution in the 47 
counter was estimated by measuring the integ- 
ral count rate for pulse heights greater than 
those corresponding to the X-ray total energy 
peak. This is justified, since the pulse height 
distribution of 0-3-MeV positrons has a 
plateau which is almost flat for pulse heights 
corresponding to energy loss up to approxi- 
mately 10 keV. The proportion of positrons 
lost at this bias level is less than 10°%. Since 
the positron branch is only 1-5°% abundant, 
the error, due to these losses, in the final 
disintegration rate will be less than 0-15%%. 


COMPARISON OF RESULTS 


The results are compared in Table 2. 
Column | shows the nuclide and K, energy. 
This is followed by the efficiency of the 
4z proportional counter at l-atm pressure 
for K—X-rays; this result is determined from 
the extrapolated 1/p curve, as explained in 
the text. The third column shows the trans- 
mission through an 0-8-” aluminium sand- 
wich foil. Column 4 lists the calculated 
K-capture disintegration rate, followed by 
the theoretical figure for (Px + P,)/Px.\ 
Column 6 shows the total (K + L) electron- 


capture disintegration rate, which may be 
compared with the corresponding figure 
determined by the coincidence method. 
The latter is tabulated in column 7. 


Accuracy 

The standard deviation in the figure for 
X-ray efficiency is estimated to be about 
+5% of the quoted figure (e.g. the efficiency 
for Zn® is (34+ 1-7)%).. The standard 
deviation in the coincidence figures is 


+3%. 


TABLE 2 


K-X-ray | % Transmission 


Nuclide efficiency for one foil 


K-capture Total electron 
disintegration = | | 
rate (uc/g) | *(uc/g) (ue/g) 


| 
| 
| 


Coincidence 
capture rate | measurements 


Cr®! 4-9 keV 62% 87% 


2-90 3-15 3-01 


5-4 keV 59% 92-6% 123 12-0 (X-y) 


Fe® 5-9 keV 47% 98-6% 
Zn® 8-0 keV 34% 99% 


11-7 (ey) 
7-64 


CONCLUSIONS 


A method is thus established for standard- 
izing electron capture isotopes by direct 
counting. 

The method consists in measuring the 
efficiency of a 47 proportional counter for 


the characteristic K—X rays by constructing 
a curve relating K—X-ray count rate in the 
counter to the reciprocal of the pressure 
of the filling-gas. The disintegration rate 
is then obtained by multiplying the total 


| 
| | | 
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number of X rays emitted by the fluoresence 
yield. 

Agreement between the pressure method 
and the accepted coincidence method of 
absolute counting for Cr*!, Mn*4 and Zn® 
is seen to be good. The degree of extra- 
polation of the pressure curves in the energy 
range investigated is between 20% and 30% ; 
this will increase with increasing energy and 
may limit the use of the method to isotopes 
of low atomic number. 

The method assumes knowledge of the 
K-fluorescence yield for each isotope and of 
the K/L capture ratio. The agreement 
between the results obtained by X-ray 
counting and the coincidence method can 
be regarded both as a check on the validity 
of the method and as confirmation of 
the theoretical values for K-fluorescence 
yield. 

The main limitation in the method is 
the uncertainty in the value of the fluor- 


escence yield, and more investigations into 
this figure seem warranted. 

It would be advantageous if some further 
confirmatory methods of calibration were 
devised. Methods suggested include the 
measurement of total ionization in a chamber 
suggested by N. G. Trorr,”®) and gas- 
counting, although the preparation of the 
isotopes might present a formidable problem. 
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Note added in proof 

Since the preparation of this paper, a 
manuscript has been received from W. S. 
Lyon and S. A. Reynoxtps describing 
standardization of electron capture isotopes 
by an end window counting technique. 
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and Cyclotron at Harwell 
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Two methods of production of Mg?8 are investigated. By bombardment in the reactor 
the t, reaction on magnesium in an alloy of lithium and magnesium is used and the 
dependence of the cross-section on the lithium content is determined. In the cyclotron method 
the spallation of chlorine by proton bombardment is examined and the dependence on proton 
energy and target size is measured. 


Production de *8Mg dans la pile et le cyclotron de Harwell 
On étudie deux modes de production de 28Mg. Par bombardement dans le réacteur en 
utilise la réaction ¢, p sur le magnésium d’un alliage lithium-magnésium et on détermine la 
section efficace en fonction de la teneur en lithium. Dans la méthode du cyclotron on examine 
la fission du chlore par bombardement protonique et on mesure I’effet de l’énergie des protons 
et de la dimension de la cible. 


Ilomyuenne B M Ha WMKIOTpoHe B XapBewT 


MeTO,a Mg*®®. B Oba peaKMA (t,p) 
Ha C U3 C MarHieM M 3aBMCHMOCTL 
xuopa MpoTOHaMM B 3aBMCHMOCTM OT MpoTOHa pasMepoB 


Erzeugung von Mg”8 im Reaktor und im Zyklotron in Harwell 


Zwei Methoden zur Herstellung von Mg?8 werden gepriift: Durch Bestrahlung von 
Magnesium-Lithium-Legierungen im Reaktor wird die (¢,) Reaktion ausgeniitzt, die 
Abhangigkeit der Ausbeute von Lithiumgehalt wird bestimmt. Bei der Zyklotron-methode 
wird die Spalliation von Chlor durch Protonenbeschuss untersucht und deren Abhangigkeit 
von Protonenenergie und Targetgrésse wird gemessen. 


INTRODUCTION 


Neutron irradiation of magnesium = spallation of chlorine with 340-MeV protons 


compounds gives only an active isotope Mg?” 
which has a half-life of 10 minutes. Mg?, 
half-life 21 hours, is therefore of considerable 
interest as being the only isotope of mag- 
nesium suitable for tracer application. It 
decays by f-emission to 2-minute Al?*, The 
decay scheme is shown") in Fig. 1. 

The isotope was first discovered) as a 
product of the reactions (y, 2h) and 
Mg?6(a, 2h)Mg?8; it has been made since by 


in a cyclotron’) and by irradiation of a 
lithium-magnesium alloy in the pile,“ when 
the following reactions occur :- 
in + SLi + + $He 
iH + 7H + Mg 
At Harwell, the isotope is made both in 
the reactor and in the 160-MeV-proton 


cyclotron; a carrier-free product can be 
made from cyclotron irradiation. 
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REACTOR PRODUCTION PROCESS 


Mg?® Avs si28 


Ty2=21 hr TY2=2:3 min Stable 


Mev 


Fic. 1. Decay scheme of Mg*®. 


Lithium-magnesium alloy, of which the 
two kinds readily available contain 12 and 
25% lithium by weight, is rolled into thin 
strips to minimize self-shielding from the 
neutron flux, and irradiated with neutrons 
for a few days. After irradiation, the main 
activities present are Na*4, Zn®, Cu®, and 
Mn®*, produced by neutron capture in 
impurities. The irradiated material is there- 
fore purified by three H,S precipitations in 
alkaline ammoniacal solution, using fresh 
carrier for the impurities for each precipi- 
tation. This is followed by two precipitations 
of Mg(OH), with caustic soda. 


Yield 


A range of Li-Mg alloys was studied, 
containing from 2-25°% lithium, and the 
results are shown in Figs. 2 and 3. Up to 
12°% lithium the specific activity (activity 
per g of Mg) is very nearly proportional to 
the percentage of lithium in the alloy (Fig. 
2), but the result for a 25% alloy shows a 
marked departure from linearity. From 
Fig. 3, showing the activity obtained per 
gram of lithium irradiated, it follows that 
the process of using the tritons for reaction 
with magnesium becomes steadily less 


efficient as the percentage of lithium is 
increased. 

The graphs are based on the irradiation 
of very small samples with negligible self- 
shielding; 1g of alloy containing 25% 
lithium yields at saturation, in a flux of 
15 x10" n/cm?/sec, about 35 wc of 
Mg?8 + Al?8 in equilibrium, at a specific 
activity of 45 wc/g Mg. Alternatively, 12% 
alloy containing the same amount of lithium 
gives 44uc of the mixture at a_ specific 
activity of 25 yc/g Mg. These are typical 
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microcuries/g Mg as a function of lithium content of 
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*lo Li in alloy 
Fic. 3. Saturation activity of (Mg®® + in 


microcuries/g Li as a function of lithium content of 
the alloy. (Neutron flux 1-5 x 1012 n/cm?/sec). 


figures based on the irradiation of alloy 
rolled to foil so as just to fit into a 3” long, 
1” diameter, cylindrical standard irradiation 
can. 

The linear dependence of specific activity 
on lithium percentage up to 12% Li can be 
explained simply by postulating a steady 
concentration of tritons in the irradiated 
specimens in the usual kinetic way, thus:- 


ln + §Li—S— 3H* + $He 
1H* + Mg + iH 
sH* + $H + X* 
K,, K,, K;, are the three rate constants, }H * 
is a triton possessing enough of its original 
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energy (about 2:2 MeV) to react with a Mg?6 
nucleus; X represents the other body in an 
unproductive collision, which deprives the 
triton of its kinetic energy of recoil and does 


not produce Mg?®. 
Now, assuming a steady concentration of 


K, (SLi) = K,({H*) 
+ K;({H*)(X) 
Ky (qn) (SLi) 
K,(i3Mg) + K3(X) 
rate of production of {Mg 
= K,({H*) 
_ K,K,(on) (SLi) (73Mg) 
+ 
At saturation, this rate of production will be 
equal to the disintegration rate. The 
denominator is approximately K(X ), since 


K,(7$Mg) is small in comparison. Also the 
neutron concentration (j7) is proportional to 


the flux ¢, so that we may put K 2 (bn) 
3 


K,(¢). 


It then follows that: 


= 


Activity of 3Mg 

Mass of Mg 

K ,b($Li) (Mg) 
(X )(Mg) 
= (%Li) 

The yield of Mg?’ from mixtures of fused 
LiCl + MgO was investigated, but even 
with a very high lithium—magnesium ratio 
much lower specific activities were obtained 
than with the alloys. This is not surprising, 
as foreign atoms decrease the chance of a 
recoil triton colliding with an Mg?® nucleus 
in its short path. Even in the alloy the 
reacting nuclei Li® and Mg?® are only 7% 
and 11-1% abundant respectively in their 
parent elements. 


Specific activity of $Mg = 


CYCLOTRON PRODUCTION PROCESS 


‘The nuclear reactions used for this process 
are those of 160-MeV protons with the two 
stable chlorine isotopes, the reactions being 
written formally 


5—(20 pp.) 


Cl (p36p,2n) Mg?® 
Cl?” (p;6n,4p) Mg?® 


As a convenient form for the chlorine 
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target, fused potassium chloride is used in the 
shape of a small vertical cylinder, which is 
wrapped in thin aluminium foil to conduct 
away heat during the irradiation. The use 
of potassium rather than another metal 
increases the yield of Mg?’ by about 10% by 
spallation of this element. The magnesium 
is produced in the target in a carrier-free 
state, as are also the unwanted activities F18, 
Na*4, Si31, P32, These together with 
chlorine and _ potassium activities, are 
removed on ion-exchange columns in the 
following way: 

The target is dissolved in 10°% nitric acid 
and boiled for five minutes to convert Si*, 
p®, and S*® to silicate, phosphate and 
sulphate respectively. Several grams of 
sodium hydrogen phosphate and a few 
milligrams of Fe+++ are added, and the 
solution then made alkaline. Nearly all the 
Mg?8 is carried down on the ferric hydroxide 
precipitate, which is dissolved in dilute HCl 
and reprecipitated. Most of the activity in 
the target, the Na*4, S*® Cl34, K42, and most 
of the P®?, is left at this stage in the supernate. 
The precipitate is then dissolved in -05 N HCl 
and the solution added to a column of 
Zeokarb 225 cation-exchange resin. On 
elution with -05 N HCl, all anionic activities 
present pass through, leaving Mg*® and the 
inactive iron at the top. These cations are 
eluted with 6 N HCl; the product solution is 
evaporated to dryness, taken up in 10 N HCl, 
and added to a column of De Acidite FF 
anion-exchange resin. The magnesium 
passes through and the iron is retained. Thus 
the Mg?8 is separated carrier-free and with 
no inactive contaminants, the chemical 
processing taking 2-3 hours. 

For research experiments, carrier mag- 
nesium was added, and the isotope purified 
by ferric-hydroxide scavenges in ammoniacal 
solution. It was finally precipitated as 
oxinate for determination of -particle 
activity. 


Yields 

The variations of yield with incident 
proton energy (Fig. 4) and with target size 
(Fig. 5) have been studied. To investigate 
the effect of proton energy, thin targets of 
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NaCl were used sandwiched between thin 
Al foils. Sodium chloride was used for these 
experiments so that the absolute cross-section 
could be obtained for spallation of the 
chlorine isotopes only. The intensity of the 
proton beam was assessed by measuring the 
Na** produced in the aluminium with an 
end-window Geiger counter after leaving the 
foils for a day to allow short-lived activity to 
decay. Using the cross-section of the 
reaction Al?7(p, 3pn)Na** given by STEVEN- 
son, Hicks, and Foicer,) the cross-section 
for formation of Mg?’ from chlorine could 
then be calculated. The results show a 
threshold for the reaction near 60 MeV, and 
a rise of cross-section with energy which 
persists up to the highest energy available. 
Fig. 5, showing the variation of yield with 
target mass at 160 MeV demonstrates the 
importance of using a fairly large target to 
obtain a good yield in reactions with high- 
energy protons (protons of 160-MeV energy 
have a range in aluminium of 22 g/cm?). In 
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Fic. 4. Cross-section of chlorine for production of 
Mg” as a function of proton energy. 
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Fic. 5. Yields of (Mg?® + Al?) in the cyclotron from 

160 MeV protons with KCI targets of different masses. 
general, targets of more than 15-20 grams 
are inconvenient to handle, and 40 wc/hr of 
the isotope mixture is the figure aimed at in 
production. 


Counting 


The combined Mg?’ + Al?8 activity from 
both methods of production was measured 
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by preparing sources of magnesium oxinate 
and counting them under an ‘‘end-window” 
Geiger counter. A correction for backscat- 
tering was applied from the figures of 
Burtt;‘®) the counts were corrected to zero 
absorber and for self absorption in the source 
by plotting absorber curves and making up 
sources of different weights. The geometrical 
efficiency of the counting arrangement was 
determined by counting a calibrated P® 
source (also correcting for backscattering 
and absorption). 

The result arrived at in this way gives the 
total activity of Mg?* + Al?§ in the source, 
and the figures quoted in this paper refer to 
equilibrium activities of this kind, with the 
exception of the cross-sections, in Fig. 4 
which refer to Mg?$ only. 

The accuracy of the figures for reactor 
produced Mg?*8 is largely that of the counting 
method, the spread of results between 
experiments being about +3. When 
allowance is made for possible systematic 
errors, the overall accuracy of the points in 
Fig. 2 is probably not better than +10%. 
The cross-sections for cyclotron productions 
in Fig. 4 are considerably less accurate; this 
is mainly due to difficulty in obtaining exact 
alignment of the edges of the sodium-chloride 
targets and the aluminium monitor foils. 
Thus it is considered that absolute values 
for the cross-section may be up to 25% in 
error. 


FUTURE PROSPECTS 


(a) The Reactor Process. The approximate 
overall cross-section for Mg?® to produce 
Mg?8 in the 25% alloy is 0-5 millibarn. This 
gives low yields with the present reactor 
facilities, but should provide specific activities 
in the region of millicuries per gram in the 
high flux reactors which will soon be available 
in this country. Under these conditions other 
(t, p) reactions may possibly be made to give 
useful yields, e.g. for the production of the 
long-lived Si**, and for the as yet undiscovered 
0, We have not been able to obtain either 
of these isotopes with our present facilities, 
and (t, p) reaction studies by other authors 


gave no result for the reaction P#1(¢,p) P®, 
in lithium phosphate. 
(b) The Cyclotron Process 

The cross-sections of spallation reactions 
usually vary little with increasing energy of 
the incident particles after a sharp initial rise 
from their thresholds; the figures obtained 
here show the limiting cross-section has not 
been reached at 160 MeV for this reaction. 
Considerably higher yields could probably 
be obtained, therefore, from cyclotrons of 
higher energy, provided that the beam 
current is not significantly smaller than the 
nominal | wamp of the Harwell machine. 
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The flow pattern of materials in large units of industrial-plant equipment may be studied 
with radiotracers. A portion of the material is tracered with a gamma-ray isotope so its 
movement inside the plant can be followed with a Geiger counter outside without disturbing 
operations. 

The uniformity of flow of solid particles in a moving bed was studied to guide the design 
of orifice plates. Catalyst beads in continuously circulating systems in catalytic cracking 
plants were tracered to detect deviations from the normal flow pattern in a catalyst bed and 
to forecast shutdowns necessitated by immobilized portions of the bed, to measure the relative 
loads carried by parallel pipes in the gas-lift part of the plant, and to appraise a system of 
baffle plates designed to promote uniform flow in another conduit in the plant. The trays 
in a large distillation unit were suspected not to be uniformly covered; a tracer injection 
into the liquid disclosed that some channels on the trays were blocked. 


Etude de mouvements d’écoulement par traceurs radio-actifs dans les établissements industriels 


Les mouvements d’écoulement de matériaux dans les larges éléments des établissements 
industriels peuvent étre étudiés a l’aide de traceurs radio-actifs. Une portion du matériau 
est marquée par un traceur, soit un isotope gamma-radio-actif, qui permet de suivre son 
mouvement a l’aide d’un compteur Geiger placé dehors sans géner les operations. 

L’uniformité de l’écoulement de particules solides a travers un lit mouvant fut étudiée 
pour en dériver des informations sur le dessin de tdles perforées. Des billes de catalyseur 
dans des systémes a circulation continue dans des installations de cracking catalytique furent 
contrélées par des traceurs pour déceler des déviations de |’écoulement normal dans le lit 
du catalyseur et pour prévoir les fermetures nécessitées par des portions immobilisées du 
lit, aussi pour mesurer les charges relatives portées a travers les tuyaux paralléles de la région 
de soulévement par des gaz dans I’installation et pour évaluer un systéme de tdles d’écrans 
installées pour faciliter 1’écoulement uniforme par un autre conduit de l’installation. Lorsque 
les plateaux dans un large élément de distillation paraissaient étre couverts inégalement, 
LV injection d’un traceur dans le liquide révéla que plusieurs passages des plateaux se trouvaient 


bloqués. 


KapTHHbl WOTOKAa MaTepMaJIOB B YCTAHOBKaX 


TaK 4TO erO BHYTPM YCTAHOBKM MOAKHO WOCpeCTBOM 
Teiirepa, He mpuOeraA K 

TBePALIX B Coe. B nocTOAHHO CuCTeMaX 
yeCKMX KPeCKMHT yCTAaHOBOK ObIIM MeyeHble OYCHHKM JIA 
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OCTAHABINBATh HEKOTOPble YaCTH COA, a [IA M3MepeHA 
Harpy3kH 

Harpy3ki, Ha TPYOKM B YaCTH yCTaHOBKU 
ll IA BEIOOpa CHCTeMEI OTOOMHEIX [VIA paBHome- 
pHOrO NOTOKa B ZpyroM TpyOompoBoye ycTaHoBKH. B Gonpuicit MeperoHHoii KOT0HHE 
HepaBHOMepHO; C MOMOIIbIO B MOTOK 
M30TONOB BBIACHMTb, 4YTO HeKOTOpbie MepecIMBHbIe 
TpyOKu 


Untersuchung von Fliessvorgangen in Industriellen Anlagen Mittels Leitisotopen 


Die Fliessvorgange von Materialien in Grossanlagen industrieller Fabrikbetriebe kénnen 
mit radioaktiven Leitisotopen untersucht werden. Ein Teil des Materials wird markiert 
mit einem gamma-Strahl-Isotop so dass man seine Bewegungen innerhalb der Anlage von 
aussen mit einem Geiger-Zahler verfolgen kann ohne den Betrieb zu stéren. 

Die GleichmAssigkeit des Flusses fester Teilchen in einem Fliessbett wurde untersucht um 
Anhaltspunkte fiir den Entwurf von Lochplatten zu gewinnen. Katalysatorperlen in Kreis- 
laufsystemen katalytsicher Spaltanlagen wurden mit Leitisotopen markiert um Abweichungen 
vom normalen Fliessvorgang im Katalysatorbett zu erfassen und Stillegungen, die durch 
stagnierende Teilchen im Katalysatorbett notwendig werden, voraussagen zu kénnen, sowie 
die relative Belastung paralleler Réhren in der Gasauftriebseinrichtung der Anlage zu messen 
und ein System von Prallscheiben zu bewerten in Bezug auf die beabsichtigte Verbesserung des 
gleichmAssigen Flusses in einer andern Leitung der Anlage. Die Béden einer Grossdestillations- 
anlage schienen nicht gleichmAssig bedeckt zu werden. Einspritzung eines Leitisotops in den 


The radiotracer studies described in_ this 
paper pertain to controlled flow of materials 
in large units of industrial-plant equipment. 
In each case the operators of the equipment 
wanted certain detailed information about 
the flow pattern inside the unit which was 
dificult or impossible to obtain by other 


means. In each case the information was 
obtained by tracering a portion of the 
material with a gamma-ray isotope and 
following its movement inside the plant 
with a Geiger counter outside. 

Flow patterns have been studied with 
radiotracers in the atmosphere, in the sea, 
in rivers, and underground. Air moni- 
toring of stack exhaust gases in the vicinity 
of nuclear reactors”) is an example of the 


In the first problem of this type, small 
granules of charcoal moved by gravity 
through a 9-ft column, 13 in. square, designed 
as a pilot plant for a column to separate 
hydrocarbon gases by fractional adsorption 
and desorption. The problem was to 


Fliissigkeitsstrom zeigte dass einige Bédenkan4le verstopft waren. 


MOVING-BED PILOT PLANT 


first. On a larger scale, the correlation of 
worldwide reports of the fallout of fission 
products after nuclear test explosions is 
another example. The drift pattern of 
littoral sand in the harbor area of Toma- 
komai, Japan, was measured in this way‘). 
The movement of silt in the bed of the 
Thames River was traced.) In an oil 
well into which water was pumped to dis- 
place petroleum from porous formations, 
the zones of entry were determined by 
pumping in tracered water. The present 
paper deals with flow patterns in man-made 
systems of varying complexity. The measure- 
ment of flow rates is often closely connected 
with these studies, but it not of itself a 
subject of this report. 


determine the form of the orifice plate at 
the bottom which would promote uniform 
flow of the charcoal in all parts of the 
moving bed. 

Four carbon grains of average size (about 
0.6 mg each) were wet with different 
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quantities of a solution of antimony-124 
in hydrochloric acid. These were measured 
and designated by number respectively 
as 8, 21, 36, and 41, according to the number 
of microcuries in each. When the column 
was full and at rest, the four grains were 
placed on top of the bed, one in a corner, 
one in the center, one-half way between, 
and one in the middle of a side. Each 
position was identified with the particular 
grain placed there. 

A small Geiger counter was attached to 
the 2-in. pipe through which the charcoal 
issued at the bottom, just above the control 
valve. The valve was opened, and the 
flowing solid was collected in barrels under- 
neath. When the column was nearly empty, 
the labeled grains passed one by one past 
the counter and through the valve, each 
giving a strong signal as it went by. The 
time of passage of each labeled grain was 
noted, and the bead was caught and 
identified by its activity. Thus, the flow 
time from the different positions was 
established. 

The first tests showed individual labeled 


grains issuing from the bottom as much as 
14 min ahead of the 90-min time required 
to empty the column. Different designs 
and arrangements of orifice plates were 
tested until a combination of three plates, 


one below the other, was found which 
caused all the four labeled grains to travel 
the length of the column in times con- 
sistently uniform within 8 min. This was 
considered satisfactory for operation of the 
column. 

Individual radioactive granules were 
recovered quite easily. When a particle 
approached the counter, the counting rate 
increased, slowly at first, then more and 
more rapidly, until it reached a peak of 
several hundred counts per second, and 
then dropped abruptly as the grain fell out 
through the valve. When the count began 
to rise sharply, a dipper was put under 
the outlet to catch the charcoal. As soon 
as the count dropped, it was removed and 
poured into a can, with the labeled grain 
contained in about a pound of material. 
The following grains were caught in the 
same way and placed in separate cans. 
After the run was finished, each batch 
would be halved repeatedly and the in- 
active half discarded until the individual 
radioactive grain was isolated. Within a 
few minutes after the test, each of the four 
tracer granules could be recovered and 
identified, they having been separated from 
about 250 million inactive granules. Thus 
it was possible to use the same grains 
repeatedly throughout the series of the tests. 


CATALYTIC CRACKING REACTOR 


A similar series of tests was made of 
uniformity of flow in a reactor vessel 18 ft 
in diameter in a catalytic cracking plant. 
The catalyst in this plant is in the form of 
porous beads about }in. in diameter in a 
moving bed 8 ft high. Because the cracking 
reaction coats the active surface of the 
catalyst with coke, the beads are circulated 
through a furnace to burn off the coke, 
then cycled back to the reactor. They 
move through the reactor by gravity to 
an elevator pickup underneath. In_ this 
case the measurement of flow pattern served 
an operating control function. The problem 
was to find whether the whole bed of catalyst 
in the reactor was moving or whether part 
of it agglomerated with coke and fixed in 


place while the labile part flowed in channels 
going too fast through the reactor. To 
solve this problem, radioactive beads were 
inserted in the top of the bed at several 
locations, necessarily near the shell, where 
they could be observed and their downward 
movement followed from the outside. Test 
locations were limited to the periphery, 
since the range of gamma rays in the bed 
is only 1 or 2 ft. 

During a shutdown, a device for intro- 
ducing beads at four known points around 
the periphery was installed. Four steel 
tubes were mounted each with one end 
inside the reactor at a selected point at 
the top level of the catalyst bed and the 
other end at a pressured manifold on a 
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work platform outside. With this device, 
radioactive beads could be flushed with 
pressured nitrogen into the reactor at 
accessible observation points. 

In readiness for a test, an observer with 
a portable counting-rate meter was stationed 
on a scaffold beside the reactor, opposite 
one of the tube outlets. A radioactive 
bead®)* containing about 0.5 mc of zir- 
conium-niobium-95 was put in the inlet end, 
which was then attached through a manifold 
to a tank of compressed nitrogen. At a 
signal, the valve was opened and the bead 
was flushed into the reactor. As soon as 
he observed the entrance of the bead, the 
observer started plotting its course down 
the side of the reactor. He noted the time 
at which it crossed certain predetermined 
levels, marked on the side of the vessel. 
The bead would usually wander back and 
forth out of a vertical course and sometimes 


GAS-LIFT PIPES 


In another catalytic cracking plant (Fig. 
1), a gas-lift is used to carry the catalyst 
to the top of the reactor. The beads are 
picked up in the engaging hopper at the 
bottom with gas-jets and blown up through 
three parallel pipes. For highest efficiency 
in the lift, each pipe should carry the same 
load; and adjustments of the jet openings 
and gas pressures can be made in working 
toward this goal. But there has been no 
satisfactory way to determine when this 
optimum adjustment was reached. 

Radioactive beads already in use for 
measuring flow rates in the catalyst system 
provided a way to get the desired informa- 
tion. A ring of Geiger tubes was fastened 
around one of the lift pipes and connected 
in parallel into a recording rate meter. 
The flight of a bead up the pipe gave a 
short, sharp jog in the counting rate. Linear 
velocities in this part of the system are 
about 50 ft per second in contrast to the 
1 ft per second velocity in the seal leg 
where the circulation rate is measured. 
Thus, only a few counts made up the pulse 
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would move away from the edge so far that 
it disappeared in the depths of the catalyst 
bed. When this happened or when it 
reached the lowest marked level, the observer 
moved to the ground level and waited for 
the bead to appear in the pipe leading to 
the elevator. This time was also noted. 
Thus, each experiment provided data on 
the overall time of passage, as well as 
details in the variation of speed during 
transit. 

Thus, a normal flow pattern was estab- 
lished while the reactor was clean and 
working properly. The normal movement 
was at about | ft per minute, although it 
varied from one position to another. There- 
after, when channeling was suspected, the 
tracer-bead test could be used to diagnose 
the situation. Deviations from the normal 
pattern, when they were found, pointed to 
the advisability of an early shutdown. 


FOR CATALYST 
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Fic. 1. Catalytic cracking plant 


* These beads are identical with those used for measuring the catalyst flow rates by timing passages 
between two rings of Geiger tubes on the upper seal leg. 
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caused by a passing bead, but they were 
enough for positive identification. 

After a few hours on one pipe, the 
counters were moved to another pipe. 
Each pipe was surveyed in rotation twice 
around. The results are shown below: 


Pipes A and B appeared to be balanced, 


Beads seen Beads/hour 


23 
22 
38 
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but C appeared to be carrying considerably 
more catalyst. Statistical analysis by the 
chi-square test gives 7? = 5.2, based on the 
deviation from balanced distribution; this 
corresponds to a 95% probability that the 
difference is real. The conclusion was that 
the flow pattern was uneven and that, if 
the load in Pipes A and B could be brought 
up to the load in C, the overall capacity 
of the circulating system would be increased 
by about 35%. 

The 30 hours required to make this test 
could have been shortened considerably by 
using counters simultaneously on all three 
pipes or by adding more radioactive beads 
to the plant. 


BAFFLES IN CATALYST SEAL LEG 


A more complex flow pattern was studied 
in the same plant in the bottom seal leg 
through which catalyst leaves the regenerator 
to enter the lift engager (Fig. 1). In an 
attempt to promote equal flow out of 
different parts of the furnace, this steeply 
sloping 26-in. pipe had been divided into 
several channels by rows of baffle plates. 
The problem was to determine how well 
uniformity was achieved, by measuring 
the transit times of individual catalyst beads 
through this large pipe. 

A ring of five counter tubes was strung 
around the seal leg near the top and a 
similar ring around the bottom, 16 ft below 
the first ring. Both rings of counters were 
connected through preamplifiers into the 
same rate meter and recorder. When a 
radioactive bead went down the pipe, it 
produced a pair of peaks on the recorder. 
The time interval between these peaks was 
the time required to travel the 16 ft between 
the top and bottom counter rings. 

A continuous record was made for 9.1 
hours, during which 155 bead passages 
were observed. The histogram in Fig. 2 
shows the frequency with which different 
transit times occurred. Quite plainly, the 
flow was far from uniform. Intervals 
ranged from 5 to 39 sec. This was in striking 
contrast to the results on the upper seal leg. 
In that vertical pipe, with no internal 
structure, transit times are constant to +2%. 
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Fic. 2. Frequency of passage intervals of radioactive 
beads in bottom seal leg. 


Fig. 2 shows at least four well-defined 
groups of intervals, centering around 6, 
10, 17, and 36sec. An experiment was 
performed to try to locate the paths which 
were identified with these particular flow 
rates. Two counter tubes were placed 
together on the top of the sloping pipe 
near its upper end, and another pair of 
tubes was fastened similarly on the top side 
near the lower end. The penetrating power 
of the zirconium—-niobium-95 gamma rays 
from the beads was enough to make them 
observable half-way through the pipe, but 
not more. With the tubes in this position, 
then, beads in a channel near the top would 
be most prominent, those on the sides and 
in the center less so, and those in a bottom 
channel would not be seen. This test was 


A 9.5 + 0.5 
B 10.4 2.1 + 0.4 
Cc 10.3 3.7 + 0.6 : 
| 
|__| 
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Fic. 3. Analysis of passage intervals 


repeated with the two pairs of counters 
located successively on each side and on 
the bottom of the seal leg. The results are 
shown in Fig. 3, where the number of 
passages observed in 1.5- to 2-hour intervals 
is plotted against the time of transit. 

The results of this experiment led to some 
inferences about the location of channels 
through which beads travel at different rates. 
For example, the group between 8 and 10 
sec in Fig. 2 is seen to lie in two separate 
channels which overlap on the histogram, 
on of 9-11 sec near the top, and one of 
8-9 sec near the bottom. 

Another clue to the location of a path 
might be the size of the counting-rate peak 
if all the beads had the same radioactivity. 
However, in this test there were many frag- 
ments of beads with varying activities, and 
peak size would not be a valid criterion. 

A criterion which is valid even in this 
case, however, is the ratio between the 
height of the first and second peaks from 
a given bead. In a path immediately 
adjacent to the counters, this ratio might 
range far from unity from the inverse square 
effect. But in a path farther removed from 
the counters, the distances of approach in 
the nearest and farthest paths would not 
differ much; hence, peak heights would 


match more closely. To illustrate, data 
from the measurements in the top position 
gave these values: In the 10-sec group, 
8 beads showed an average ratio between 
the large and small peaks of 1.06. In the 
16-sec group, 9 beads averaged 1.49. Hence, 
the slower path is immediately adjacent to 
the top position; the 10-sec path is some- 
what farther away. The probable locations 
of several channels identified by similar 
arguments are shown in Fig. 4. 

The number of radioactive beads following 
a particular channel is a measure of the 
total catalyst traversing that channel. The 
total circulation rate during this test was 
360 tons per hour from measurements made 
on the top seal leg. On this basis, the 
throughput capacity of each channel identi- 
fied in the experiment was calculated and 
is shown in the appropriate space in Fig. 4. 
These figures are necessarily very rough 
approximations, since statistical fluctuations 
are large in such small numbers of observa- 
tions. With more data, obtained either with 
more beads, more counters, or longer periods 
of observation, a reliable analysis could be 
made of flow patterns inside a complex 
system like this. 

The product of the throughput rate and 


Legend: 
Time of passage, seconds 


Volume rate, tons per hour 


Fic. 4. Location of paths in seal leg. 
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the average transit time is the amount of 
catalyst contained in a channel. Comparing 
these products from Fig. 4 (for example, 
60 tons/hour times 16/3600 = 0.27 ton) 
shows large variations and suggests that 


some of the channels were running only 
partly full. However, only 5 to 10 beads 
were observed in each channel, and more 
data would be needed to establish this con- 
clusion. 


TRAYS IN DISTILLATION COLUMN 


Flow patterns can also be studied in 
liquid systems. Such tests are of more 
limited duration than those with radioactive 
particles because the radiotracered liquid 
soon mixes with the rest of the liquid and 
loses its identity, while the level of activity 
becomes vanishingly small. Within this 
limitation, however, valuable information 
may be obtained by injecting the tracer 
quickly and close to the point of measure- 
ment. 

An illustration of this method in an 
industrial plant was a test of flow distribu- 
tion across the trays in a large vacuum 
distillation column.) Vapor ascended the 
column through trays of liquid by way of 
vents which were covered with caps extending 
below the liquid surface. The vapor bubbling 
through the liquid was scrubbed, and its 
less volatile components and entrained drop- 
lets were thus removed. To assure uniform 
flooding of the bubble caps, liquid was 
directed from a diametric channel out into 
eight channels separated by vertical plates 
on the trays (see Fig. 5). Reaching the 
shell, the liquid flowed down and returned 
to the central downcomer on the tray below. 


8 1 


4 
Own 


~ 
Reflux return line 


Fic. 5. Tray on distillation column. 


In the problem presented for radioactive 
study, the overhead vapor stream was 
carrying entrained liquid, as shown by the 
metal content of the distillate. This suggested 
that some of the bubble caps were not filled 
and that vapor was streaming up the column 
unscrubbed. This would be possible if the 
liquid were not flowing uniformly in all the 
channels. 

A radiotracer test was proposed to measure 
the uniformity of flow. Tracer introduced 
with liquid reflux should be detected with 
equal intensity on counters adjacent to the 
eight streams where they flowed down at 
the periphery. If some of the channels 
were not full, the signals from such streams 
would be weak or missing. 

Eight gamma-ray tubes were mounted on 
the surface of the vacuum still at the level 
of the tray to be tested and in positions 
opposite the eight channels, as shown in 
Fig. 5. Each of these was manned by an 
observer who noted the count and time 
according to a pre-arranged schedule. 

Ten millicuries of antimony-124 as tri- 
phenylstibine was put in a pint of kerosene 
in a Sparklet bottle* (Fig. 6). This was 
equipped with a special cap with a pressure 
gage and a valved connection. It was in- 
verted and attached to the injection point 
on the reflux line. A carbon-dioxide bulb 
was screwed into the base of the Sparklet 
bottle, charging it to about 70 p.s.i.g. 

After the background rate had _ been 
observed on all counters, the valve on the 
injector was opened quickly and the flask 
was emptied into the line. About 3 min 
later, a sharp burst of counts, reaching over 
40 counts per second, appeared on the four 
counters on the north-west side of the column 
as shown in Fig. 7. The activity decreased 


* This is a commercially available 1-quart steel pressure flask for preparing carbonated beverages 
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‘Sparklet™ 
bottle 


Fic. 6. Pressured injector for liquid tracer. 


after the peak, but about 7 min later a 
second peak of about 12 counts per second 
appeared, marking the return of part of 
the tracer through the reflux recycle line. 
The tracer appeared a third time, but on 
the fourth cycle it had been so much atten- 
uated that it merged into the background. 
In contrast to this pattern, seen on four 
adjacent counters on one side of the column, 
little or no response was shown by the 
counters on the other side. (The sharp pip 
seen at station 4 was caused by the passage 
of the injected tracer up the nearby reflux 
stream line before it entered the still.) A 


repetition of the experiment on the second 
tray down showed a similar flow pattern. 
It was concluded that the bubble cap trays 
were open in channels 3-6. The plant was 
shut down and a visual check made with 
water flowing down the column; this veri- 
fied the radioactive diagnosis, and repairs 
were made to the plant. 

Frequently, a plant test yields interesting 
information beyond what it was designed to 
give. Two such results came out of this test.” 

1. The time was noted between successive 
peaks in the activity recycled through this 
part of the unit. The volume of liquid in 
the trays and pipes was calculated from 
engineering drawings. The ratio of these 
two numbers was the flow rate in the re- 
cycle line. This value provided a calibration 
of the flow meter on this line. 

2. After the tracer was well mixed in 
this part of the column, as shown by the 
disappearance of the cyclic peaks, the radio- 
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activity diminished exponentially with time, 
as the tracer was carried out with the 
product stream and the downflow through 
the column. The reciprocal of the logarith- 
mic slope of the activity-versus-time curve 


was the average residence time in the system. 
The ratio of the calculated volume to this 
time was the withdrawal rate. This checked 
the measured product rate plus the down- 
flow estimated from heat balance data. 


CONCLUSION 


Radioactive particles have a unique utility 
for the study of flow patterns in moving 
beds of solids. They serve to test experi- 
mental designs of industrial equipment for 
promoting flow in a desired pattern. With 
labeled particles, the closeness of approach 
to uniform flow can be measured. Mal- 
functioning of moving-bed processes can be 
diagnosed while the plant is in operation, 
and the need for overhaul can be determined. 
Sometimes the radioactive particles can be 
recovered and identified to acquire further 
useful details. 

Liquid flow patterns can be studied 
similarly, although under some limitations 
set by the mixing and dilution of the tracered 
liquid. 
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TECHNICAL NOTES 


Radio Cobalt Needles in Therapy 
(Received 13 July 1956) 


The implantation of malignant lesions by radium 
needles has long been accepted as a favourable 
method of treatment where the lesion is of limited 
extent and is accessible. 

The method has been tried in the case of carcinoma 
of the bladder, but in this case the curvature of the 
bladder wall makes the attainment of a really good 
distribution of straight radium needles almost 
impossible. The bending of radium needles is not 
safe because of the danger of the release of radon 
from the container. 

In 1951 the idea occurred to us of using radio- 
cobalt to make up needles which could be bent to 
suit the curvature of the bladder wall, and adjusted 
to suit each particular case. Through the Medical 
Research Council, a supply of cobalt wire was 
obtained from Harwell and soldered inside stainless- 
steel sheaths, which were sharpened at one end and 
fitted with an eyehole at the other, so giving the 
equivalent of radium needles, but with the difference 
that they could be shaped to the required curvature 
each time they were used [Fig. 1]. 

These needles, and others of greater length made 
subsequently, have been successfully used here for 
five years, and there has been no case of fracture of 
the sheath or of damage to the solder seals. 

In using the needles, their strength is recorded as 
being equivalent to so many milligrams of radium, 
so that the Paterson and Parker tables can be used 
without any modification, but in view of the shorter 
half-life of cobalt a table is drawn up at the beginning 
of each year showing the strength of each set of 
needles month by month. This decay is approxi- 
mately 1° per month. 

There is, of course, no need with the cobalt 
needles to carry out leak tests periodically as with 
radium needles, so the time given to the strength 
calculation is recovered in this way. 

By using these needles it is possible to obtain 
good implants in the bladder wall and, most im- 
portant of all, these are retained in position for 
approximately a week without any great discomfort 
to the patient, whereas with radium severe pain 
can be caused by the pull of straight needles on the 
bladder wall. 

Additionally, the needles, being rigid, hold the 
area being treated firmly in the correct position 
for the radiation to be uniform for the duration of 


the treatment, whereas this is not so with radon seeds 
or with cobalt sheathed flexibly in nylon, where 
crowding and consequent overdosing of some areas 
occur. 

Our experience with these needles has led us 
to the conclusion that a cobalt-needle implant should 
be the treatment of choice where the lesion or its 
pedicle is limited in size and not too deeply infiltrating. 


G. G. Binnie (Radiotherapist) 
Norman Bates (Physicist) 


Stoke-on-Trent Regional Radium Centre, 
North Staffordshire Royal Infirmary, 
Hartshill, 

Stoke-on- Trent 


Appraisal of autoradiographs of 
microscopic particle specimens 


(Received 12 September 1956) 


Autoradiographing of radioactive particle specimens 
frequently requires the realignment of the specimen 
with its autoradiograph for observation and study. 
Several methods of film development are available, 
ranging from complete separation of specimen and 
film during processing to processing of the film with 
no separation, such as with stripping film. The 
technique reported herein describes one method of 
autoradiography and film processing which permits 
separation of specimen and film for processing 
followed by realignment for microscopy. 

Particle specimens are collected or mounted directly 
on a plastic microscope slide.* The slide is then 
placed in immediate contact with a T-coated Kodak 
NTB plate and cemented together at one end, as 
shown in Fig. 1. 


Plastic specimen slide 
raised to permit 
processing of NTB plate 


Specimen 


Plastic slide in 
contact position 


NTB plate 


Cemented surface 
Fic. 1. 


* Vinylite Microscope Slide, #7036-V, available 
Arthur H. Thomas Company, Philadelphia, Pennsylvania. 
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Following exposure, the uncemented portion of 
the plastic slide is bent back to permit access for 
processing the plate. After being processed, the 
plastic slide is bent back to its original position to 
observe simultaneously the specimen and exposure 
spots. The degree of bending should be kept at a 
minimum, as repeated or excessive bending can 
sufficiently “work” the plastic so that precise realign- 
ment is not possible. 
Industrial Hygiene, F. E. ADLEY 
General Electric Co., 

Richland, Wash.t+ 

USAF Hospital Air Material 
Command, Hill Air Force Base, 
Utah.t 


D. E. WIsEHART 


t Formerly with Biophysics Section, Radiological 
Sciences Dept., General Electric Co., Richland, Wash. 

¢ Formerly with General Electric Co., Richland, 
Washington. 


Electronic particle locating attachment 
for microscopes 


(Received 12 September 1956) 


The problem of locating individual radioactive 
particles in a field of many microscopic inert particles 
is normally time-consuming and requires meticulous 
care. To facilitiate this procedure, a device was 
made which permits the location of discrete radio- 
active particles by electronic means. 

A brass insert containing a concentric tapered 
hole was formed (Fig. 1), which replaces the substage 
condenser and is positioned in axial alignment with 
the objective lens. In contact with the lower surface 
of the insert is a scintillation crystal mounted on a 
photomultiplier tube. Impulses from the photo- 
multiplier tube are amplified and fed to a speaker 
for an audible signal. Lighting is by oblique over- 
stage illumination. 

In operation, a specimen containing discrete radio- 
active particles is moved by the stage adjustments 


Objective lens 
Specimen 
Cover slip. #80 drill hole 


hy 


Scintillation crystal 


Brass Microscope 
insert stage 
Photomultiplier 

tube 


until a signal is heard which indicates that a radio- 
active particle is over the hole. Since the area of 
the drill hole in the insert is 0.09 mm?, the portion 
of the field over the hole may contain several particles. 
By successively ‘“‘racking” the specimen back and 
forth in several directions, the radioactive particle 
may be located by correlating the rapid increase in 
the audible signal with the presence of the particle 
at the periphery of the hole. 
Industrial Hygiene, F. E. ADLEY 
General Electric Co., 
Richland, Wash.* 
Radiation and Optical 
General Electric Company, 
W. Lynn, Massachusetts.t 


P. L. E1sENACHER 


* Formerly with Biophysics Section, Radiological 
Sciences Department. 
t Formerly with General Electric Company, Richland, 


Washington. 


On the subtraction of gamma-ray spectra 
as a tool in radioactivation analysis 


(Received 22 October 1956) 


The concentration of trace constituents in a 
base material can often be measured by radio- 
activation analysis, in which the whole sample is 
irradiated with neutrons and its resulting radiations 
are then measured. By using a scintillation counter 
and pulse amplitude analyser (kicksorter) to measure 
gamma rays of a particular energy, characteristic 
of the impurity, its radiations can sometimes be 
measured selectively without the need for chemical 
separation. 

Accurate analysis becomes difficult when the 
range of amplitudes selected by the _ kicksorter 
includes pulses arising from radiations of the base 
material. Such pulses may arise either (a) from the 
continuous spectrum of recoil electrons corre- 
sponding to the Compton scattering of higher 
energy gamma rays within the phosphor or (b) 
from gamma rays, emitted by other constituents 
of the base material, whose energies are too close 
to the required energy to be resolved. 

Peirson"; 2) has shown that the spectrum of 
recoil electrons can be eliminated by observing a 
source simultaneously with two scintillation counters, 
using NalI(Tl) and Anthracene as_ phosphors. 
By suitable matching, the output of the Anthracene 
counter (which records the recoil spectrum only) 
can be subtracted from that of the NaI(T1) counter, 
to leave only the photoelectric responses of the latter. 


Le 

Fic. 1. : 
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In many practical problems, the constituent to be 
analysed is an additive, and samples of the base 
material without the additive are available. 
Assay is simple when the additive can be made 
radioactive before addition, but this is not always 
practicable. 

For such conditions, if samples with and without 
the additive are irradiated and measured simul- 
taneously with two NalI(TI) scintillation counters 
of equal resolution, the responses of the counters 
can be subtracted exactly as described by Peirson, 
to leave only the spectrum of the contaminant. 


Count rate (arbitrary scale) 


Count rate 


MeV-——> 
Fic. 1. 


Fig. l(a) shows the recorded spectrum from an 
irradiated sample of glass containing 17 p.p.m. 
selenium decoloriser. Curve (b) is the spectrum 
obtained from a sample of the base material without 
the selenium. Both samples were provided by the 
British Glass Industries Research Association. The 
samples were set up with the separate scintillation 
counters, screened from each other, but fed through 
potentiometers from the same H.T. supply. The 
H.T. of the second counter was adjusted to match 
pulse amplitudes and the source distance to match 
counting rates, at an energy above those of the 
Se? gamma rays. Subtraction of the outputs of the 
two counters then resulted in Curve l(c). The 
spectrum (d) obtained from a pure Se*® source 
is shown for comparison, and from this the selenium 


Technical notes 


content of the glass could be deduced. It is inter- 
esting to note that the difference in Se content 
as deduced from the two individual peaks was 
5%, indicating that the error in balancing is small, 
though it does introduce an increased statistical 
fluctuation. 

To check the accuracy with which superimposed 
gamma rays could be resolved, a composite source 
was made of Se? and Hg on separate trays. 


Count rate (arbitrary scale)——» 


Fig. 2(a) is the record obtained of the Hg?® alone, 
showing the 0.28 MeV photoelectric peak. Without 
moving the Hg”? source, the Se*® source was then 
placed above it. Fig. 2(b) shows the resulting com- 
posite spectrum, in which the 0.27 MeV peak of 
Se” is superimposed, completely obliterating the 
peak. 

Another Se*® source was then applied to the 
second counter and balance was obtained between 
the responses at 0-405 MeV. Fig. 2(c) shows the 
Hg?3 peak reappearing after subtraction. Agree- 
ment between areas under the Hg” peaks in curves 
(a) and (c) is within 7%. 

Further work is proceeding to find the extent to 
which several unwanted spectra could be suppressed 
by introducing successive pure samples at the 
balancing counter. 

J. L. Purman 
Atomic Energy Research Establishment, W.H.TAytor 
Harwell, Didcot, Berks, England 
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INTERNATIONAL NEWS 


Great Britain 


The Isotope Courses 39, 40 and 41 which cover 
the time until 12 April 1957, are all fully booked. 
The first openings are for Course 42 starting on 6 May 
1957. 

The special Medical Courses will take place 
during February and September, 1957. 

The first British caesium therapy source was 
installed at the Downs Hospital in Surrey under the 
direction of the Royal Marsden Hospital, London. 
This is the first source produced by a pilot plant 
which is expected to yield one such source every 
six weeks. The dose rate of this source is 
224 r/min/40 cm. The treatment of patients with 
this source has already started. 


U.S.A. 


The AEC will rent out spent fuel elements from its 
Idaho Reactor Station. The elements are available 
after 90 days’ cooling, at which time each element has 
a gamma-radiation rate of about 200,000 r/hr 
measured in water 3 in. from the fuel-element side- 
plate at midplane. Further information may be 
obtained by writing Director, Division of Civilian 
Application, U.S. Atomic Energy Commission, 
Washington 25, D.C. The purpose is to stimulate 
experiments with radiation in producing plastics, 
chemicals, and in the sterilization of foods and 
drugs. 

To encourage research and development in 
atomic energy the AEC will waive statutory 
rights to patents on investigations or developments 
resulting from the use of materials made generally 
available by the AEC, including source and fission- 
able materials, heavy water, and stable and radio- 
active isotopes. 

The schedule for the course in Basic Radio- 
isotope Techniques offered by the Oak Ridge 
Institute of Nuclear Studies is as follows: 


Class 55—7 January—1 February. 
Class 56—4 February—1 March. 
Class 57—29 April—24 May. 
Class 58—27 May-21 June. 
Class 59—24 June-19 July. 


This course is open to qualified persons from other 
countries as well as citizens of the United States. 
Selections for these sessions are made approximately 3 
months before the starting date, and notifications 
are sent out soon thereafter. 


A symposium on Radioactivity Applications in 
Petroleum Research and Refinery Operations 
sponsored by Tracerlab, Inc., Boston, Massachusetts, 
was held 24 to 26 October. Speakers from industry, 
research laboratories, academic research institutions, 
and the Atomic Energy Commission discussed 
industrial applications of radiation and_ radio- 
isotopes pertinent to petroleum research and refinery 
operations. 

A second kilocurie source of cesium-137 has been 
prepared by the Oak Ridge National Laboratory. 
This 2000-curies cesium-137 source will be used at 
the University of Michigan Medical School. The 
first kilocurie source of cesium containing 1540 curies 
is now being used for teletherapy studies at the Oak 
Ridge Institute of Nuclear Studies. 

In September the AEC announced a new program 
of educational assistance. Amongst other concessions 
byproduct materials or radioisotopes will be furnished 
at 20% of the list price and certain other materials 
relating to nuclear-energy technology will be 
furnished without charge. The value of materials 
loaned may not exceed $50,000. 

A new gamma-irradiation unit has been recently 
placed in operation by the Radioisotope Sales 
Department, Oak Ridge National Laboratory, 
which will use cobalt-60 in storage awaiting shipment 
to the customers as the source of radiation. The 
estimated amount of cobalt-60 in storage will vary 
between 85,000 and 300,000 curies. The radiation 
level from 85,000 curies of cobalt-60 in storage has 
been measured at 1.1 x 108 r/hr. The cobalt-60 is 
stored in 92 stainless-steel tubes arranged in a square 
pattern surrounding the irradiation chamber. The 
entire unit is below the ground, with a top shield of 
concrete and lead. Samples are irradiated in air. 
Cooling of the unit is accomplished by an air-stream 
flowing through the plenum around the tubes. 


France 


Un centre important de Chimie des Radiations, 
Radiochimie et Isotopie est en création a Orsay 
dans la banlieue sud de Paris. II fera partie du 
nouvel Institut de Physique nucléaire et Radio- 
chimie de la Faculté des Sciences de Paris actuellement 
en cours de construction. 

Des sources de radiocobalt de 40, 90 et 400 curies, 
deux installations de rayons X et un accélérateur 
d’électrons de 700 keV débitant plusieurs mA, sont 
prévus pour permettre de poursuivre les études sur 
les effets chimiques des rayonnements. 


318 International News 


Des laboratoires chauds seront spécialement 
équipés pour la radiochimie et le traitement des 
cibles irradiées dans le synchrocyclotron de 180 MeV 
dont on ainstallé l’aimant en Novembre 1956. 

Le centre d’Orsay comprendra également un 
important équipement pour l’analyse isotopique par 


spectrométrie de masse et pour la_ production 
d’isotopes séparés. 
Germany 
The International Exhibition of Atomic Industry, 
which was to have been held in Munich in July 
1957, has been postponed. 
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BOOK 


Elektromagnetisch angereicherte Isotope und 
Massenspektrometrie: M. L. Smiru. Butter- 
worths Scientific Publications, London, 1956. 268 
Seite. Amerikanische Ausgabe: Academic Press 
Inc., 125, East 23rd St., N.Y.10. 45s. 


Das Buch enthalt die Verhandlungen einer Konferenz 
Uber elektromagnetisch angereicherte Isotope, die im 
September 1955 in Harwell stattfand. In dreiBig Bei- 
tragen berichten—zum ersten Male im Zusammen- 
hang gréBerem Umfang—Vertreter aus 
Danemark, Frankreich, Deutschland, Holland, 
Schweden, England und USA iber die Arbeiten von 
Forschungsgruppen, die sich entweder mit der 
elektromagnetischen Trennung von  Massen 
beschaftigen oder angereicherte stabile Isotope zur 
Lésung wissenschaftlicher Probleme verwenden. Die 
Vortrage sind in vollem Text wiedergegeben; die 
aus ihnen hervorgehenden Diskussionen sind angeftigt. 

Der Aufbau des Buches entspricht der Gepflogen- 
heit, Verhandlungen einer Konferenz in der 
stattgefundenen zeitlichen Reihenfolge wieder- 
zugeben. Im Sinne einer einheitlichen Stoff- 
anordnung hiatte sich der Herausgeber von diesem 
Brauch vielleicht lésen sollen. 

Die sehr sorgfaltige Gestaltung des Vortrags- 
programmes fiihrt zu einer nahezu abgeschlossenen 
Behandlung der elektromagnetischen Massentren- 
nung, der mit ihr verbundenen Nebenarbeiten und 
der Anwendung angereicherter stabiler Isotope. 

Die Mitteilungen tiber die elektromagnetischen 
Massentrenner (in USA als “‘Calutrons”’ bezeichnet) 
reichen von theoretischen Uberlegungen und der 
Besprechung allgemeiner Konstruktionsmerkmale 
bis zur detaillierten Wiedergabe von Ionenquellen- 
und Auffangeranordnungen; dabei werden Gerate 


REVIEW 


mit unterschiedlichem Auflésungsvermégen und 
unterschiedlicher Leistung beschrieben. Ausgezeich- 
nete Darstellungen finden sich fiir die Auswahl 
und Vorbereitung der Ausgangsmaterialien sowie 
ftr die Aufarbeitung und analytische Priifung der 
in den Auffangsystemen anfallenden angereicherten 
Isotope. Ebenso ist die Uberfiihrung der gewonnenen 
kostbaren Stoffe in bestimmte chemische Verbin- 
dungen oder physikalische Formen—z.B. die Her- 
stellung von Targets fiir Kernreaktionen in Kor- 
puskularstrahl-Apparaten—ausfiihrlich beriicksich- 
tigt. Bei den Anwendungen stabiler Isotope 
steht die Ausfiihrung von Kernreaktionen nach wie 
vor im Vordergrund. Der Massenspektrometrie sind 
entsprechend ihrer allgemeinen Bedeutung in der 
Analyse von Isotopenverteilungen ftinf ausfithrliche 
Beitrage gewidmet. 

Das Buch bietet auf seinen 268 Seiten eine 
auBergewohnliche Stoffiille; die Ausstattung mit 
Abbildungen und graphischen Darstellungen ist 
ausgezeichnet. Es ist allen, die sich einen voll- 
standigen und in die Tiefe gehenden Uberblick iiber 
den heutigen Stand der Arbeiten auf dem Gebiet 
der elektromagnetischen Massentrennung und 
Spektrometrie verschaffen wollen, sehr zu empfehlen. 
Der bereits auf diesem Gebiet Arbeitende wird 
aus ihm eine Fille von wertvollen Informationen 
und Anregungen erhalten. Besonders_ wertvoll 
werden fiir ihn auch die ausfiihrlichen Literatur- 
verzeichnisse sein, die den meisten Beitragen angefiigt 
sind und die in dieser Anzahl zum ersten Male an 
einer Stelle zusammengetragen sein diirften. Heraus- 
geber und Verlag kénnen des Interesses eines 
weiten Leserkreises sicher sein. 
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ERRATA 


Mann W. B.: The preparation and main- 
tenance of standards of radioactivity. 


Int. F. Appl. Rad. Isotopes 1, 14 (1956) 


Table 1, Sample No. 4903: delete ‘‘Plated 
from polonium chloride.” 


CampsBeLL R. M., CuTHBertson D. P., 
Matrtuews C. M., and McFartane A. S: 
Behaviour of and }*1J-labelled plasma 


proteins in the rat. 


Int. J. Appl. Rad. Isotopes. 1, 82 (1956) 


Line 23 should read “*.. . (0.693/half-life) 
is equal to the constant «, which is not equal 
to the rate of metabolic breakdown (cf. 


Reimer, 1953"5)),” 
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